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LIGHT SCATTERING STUDIES ON [INSULIN 
THE MINIMUM MOLECULAR WEIGHT OF INSULIN* 


By FRANK TIETZEt ann HANS NEURATH 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, July 30, 1951) 


It has been well established in recent years that insulin undergoes re- 
versible aggregation in solution, the extent of aggregation being a function 
of pH, ionic strength, temperature, and protein concentration (2-6). On 
the alkaline side of the isoelectric point, the protein exists predominantly 
in the aggregated form, with a mean particle weight of approximately 
36,000 to 48,000 (7-11), while in pH regions acid to the isoelectric point 
disaggregation is promoted by mutual electrostatic repulsion of the pro- 
iein cations (3, 5, 12). Studies of the molecular weight of the insulin 
‘“‘monomer,”’ notably the osmotic pressure measurements of Gutfreund (2) 
and the sedimentation and diffusion measurements of Ellenbogen and 
Oncley (3, 4), have indicated a molecular weight of 12,000, in contrast to 
a value of 21,000 favored by Pedersen (6). Fredericq and Neurath (5), 
in studying the interaction of insulin with thiocyanate and other anions, 
have observed that at constant pH molecular disaggregation proceeds 
farther when dihydrogen phosphate is used as supporting electrolyte in- 
stead of chloride, presumably because of the different degrees to which 
these anions influence the net charge of the protein. Using the methods 
of sedimentation and diffusion, these authors obtained at pH 2.6, in the 
presence of dihydrogen phosphate, after extrapolation to zero protein 
concentration, a minimum molecular weight of only 6000. 

In view of these divergent results, the state of dispersion of insulin in 
acid solutions has been further investigated by the method of light seat- 
tering. The conditions of these measurements have generally followed 
closely those of Fredericq and Neurath (5); @.e., protein concentration 
varying between 0.1 and 1.0 per cent, phosphate buffer pH 2.6, ionic 
strength 0.1. In addition, it has been possible to investigate appreciably 
lower regions of protein concentration and ionic strength. The results 
of these measurements are recorded in this paper. 


* Presented before the Forty-second annual meeting of the American Society of 
Biological Chemists at Cleveland, April 20-May 3, 1951 (1). 

Part of the measurements described in this paper were carried out at the Depart - 
ment of Biochemistry, Duke University School of Medicine, Durham, North Caro- 
lina. 

t Postdoctorate Research Fellow, United States Public Health Service. 
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2 LIGHT SCATTERING OF INSULIN 


EXPERIMENTAL 
Materials 


The crystalline zinc insulin was a product of the Lilly Research Labora- 
tories, Eli Lilly and Company, Indianapolis, Indiana. Most of the meas- 
urements were carried out with beef insulin crystallized five times, Lot 
T-2344, this being the same preparation which Fredericq and Neurath 
(5) used in their studies. In addition, crystalline Lots 488098 and 466366, 
derived from mixed beef and pork pancreas glands, were used. Crystal- 
line material was also prepared in this laboratory from pooled, recovered 
solutions of these lots by means of the ammonium acetate method of 
Scott and Fisher (13). These are designated as Preparation P. 

_ Generous amounts of beef chymotrypsinogen crystallized seven times, 
prepared according to the method of Kunitz and Northrop (14), were 
placed at our disposal by Dr. Max A. Eisenberg. | 

Beef serum albumin was a crystallized product obtained from Armour 
and Company (Lots G-4502 and J-5005). Solutions of these preparations 
in phosphate buffer, pH 7.6, ionic strength 0.18, showed a single component 
in the ultracentrifuge. 


Methods 


Protein concentrations were determined in the Beckman model DU 
spectrophotometer from measurements of the optical density of the solu- 
tions at 276 mz. Standard curves, based on dry weights, were determined 
for each protein at the pH of light scattering measurements. pH meas- 
urements were carried out with the glass electrode and the Cambridge 
model R pH meter. 

Specific refractive index increments were determined at 25.0° with the 
differential refractometer of Brice and Speiser (15), constructed by the 
Phoenix Precision Instrument Company, Philadelphia. The differences 
in refractive indices between protein solution and solvent, determined in 
five protein concentrations ranging from 0.1 to 1 per cent, were plotted 
against protein concentration, and the slope of the best straight line was 
calculated. The specific refractive index increments (concentrations in 
gm. of protein per ml. of solution) were as follows: beef serum albumin, 
in phosphate buffer, pH 7.8, ionic strength 0.18, 0.1884; chymotrypsino- 
gen, in phosphate buffer, pH 2.5, ionic strength 0.15, 0.1853; insulin, 
Lot T-2344, in phosphate buffer, pH 2.6, ionic strength 0.10, 0.1919. 

Light scattering measurements at 4360 A were performed at 23-25° with 
photometers constructed by the Phoenix Precision Instrument Company 
according to the specifications of Brice, Halwer, and Speiser (16). Two 
such instruments were used. Absolute turbidities were determined by the 
“working standard” method (16). In this method, the turbidity, 7, is re- 
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lated to the galvanometer deflections, G, obtained at angles of 90° and 0° 
with respect to the incident beam, according to the equation 


Ga 
r= K Ge (1) 
The proportionality constant, A, was determined in two ways: (1) from 
Equation 22 of Brice et al. (16) (the necessary data were provided by the 
manufacturer), and (2) by standardization with an aqueous suspension of 
colloidal silica.‘ Quantitative dilutions of the 30 per cent stock suspension 
were prepared and Gg/Gp was determined in the photometer for each 
dilution. The optical densities of the suspensions, D, were then deter- 
mined in a Beckman spectrophotometer at the same wave-length (4360 
A), with Corex cuvettes of 10 em. optical length. For each dilution, 
turbidities were calculated from the relation r = 2.3D, and an apparent 
photometer constant, K, was obtained by means of Equation 1. Since 
the intensity of radiation impinging on the photo cell at an angle of 0° 
decreases with increasing concentrations of the suspension, leading to an 
apparent decrease of K, the K values were extrapolated to infinite dilu- 
tion. The two methods of standardization agreed to within 5 per cent. 
The theoretical aspects of the method of light scattering have been 
adequately dealt with in recent reviews (17-19). Suffice it to state that 
in a 2-component system containing molecules small in comparison to the 
wave-length of light, the molecular weight, M, is related to the turbidity, 
t, by the equation 


— = — + 2Be (2) 


where c is the solute concentration in gm. per cc., B an interaction con- 
stant, usually positive, being a measure of the departure of the solution 
from ideality, and H is a constant, given for a particular system by the 


relation 
2 
H = ("=") (3) 


N is the Avogadro number, n and no the indices of refraction of solution 


1 “Ludox”’ colloidal silica, 30 per cent SiO; obtained through the courtesy of the 
Grasselli Chemical Department, E. I. du Pont de Nemours and Company, Wilming- 
ton, Delaware. The following observations have indicated that this material fol- 
lows the Rayleigh equation for the scattering of light by small isotropic spheres: 
(1) absence of dissymmetry within the concentration range employed (0.15 to 1.5 
weight per cent); (2) according to transmission measurements, the seattered light 
intensity is proportional to the fourth power of the wave-length throughout the 
region of 3000 to 6000 A; (3) the ratio of the refractive index of vitreous silica to 
that of water is constant throughout the same region of wave-length (values ob- 
tained from the International Critical Tables). 
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4 LIGHT SCATTERING OF INSULIN 


and solvent, respectively, and \ the wave-length of light in air. As is 
evident from Equation 2, extrapolation of the function He/r to infinite 
dilution yields the reciprocal of the molecular weight. 

Scattering measurements were carried out in semioctagonal glass cells 
requiring approximately 45 cc. of solution. Two procedures were fol- 
lowed for the preparation of dust-free solutions. In the first of these, a 
1 per cent protein solution was filtered in the cold room by gravity through 
a sintered glass funnel of “‘fine’”’ porosity into a carefully cleaned, 125 ce. 

* Erlenmeyer flask. After attaining room temperature, the filtered solu- 
tion was carefully poured into the scattering cell and the turbidity meas- 
ured. To one-half of the solution was then added an equal volume of 
filtered buffer solution; the solution was gently mixed, and another tur- 
bidity measurement obtained. This process was repeated until the lowest 
protein concentration was attained and was followed by turbidity meas- 
urements of the filtered solvent. Protein concentrations were determined 
on each dilution. While this procedure proved economical with respect 
to the amount of protein required, it suffered from the disadvantages of tal 
cumulative exposure of the solution to atmospheric dust and the forma- 01 
tion of air bubbles during mixing of the solutions with the solvent. In the ore 
second procedure, each dilution was prepared freshly from weighed 
amounts of crystalline insulin, dissolved in buffer, and filtered separately 
into carefully cleaned Erlenmeyer flasks. With this method, which was 
found to be particularly satisfactory for the investigation of insulin solu- 
tions of low concentration (0.03 to 0.4 per cent), each solution was exposed 
to the atmosphere for brief periods of time only. 


Results 


In order to determine the accuracy of the present experimental method, 
the molecular weight of two crystalline proteins, bovine serum albumin | 
and chymotrypsinogen, was determined. Fig. 1 represents the scattering on 
data obtained with two different preparations of bovine serum albumin cir 
in phosphate buffer, pH 7.8. The ordinate intercept, obtained by linear res 
extrapolation, corresponds to a molecular weight of 68,000 to 71,000, in 
good agreement with the value of 69 obtained by Scatchard, 
Batchelder, and Brown (20) from osmotic pressure measurements and by his 
Oncley, Scatchard, and Brown (21) from sedimentation and diffusion 


Ses 


measurements. The present value is somewhat lower than the range of en 
values obtained by Edsall et al. (22) from light scattering measurements ae 
on a preparation of bovine serum albumin which contained a few per cent ee 
of an ultracentrifugally faster sedimenting component.” aa 


2 In a light scattering study published by Halwer, Nutting, and Brice (23) during stre 
the preparation of this manuscript, even higher molecular weights were obtained on 
preparations of bovine serum albumin which were evidently inhomogeneous. 
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A similar plot of scattering measurements on chymotrypsinogen in phos- 
phate buffer, pH 2.5, ionic strength 0.15, is shown in Fig. 2. The ordinate 
intercept corresponds to a molecular weight of 25,000 which, though at 
variance with older published values (24), compares favorably with those 
obtained by Schwert (25) from sedimentation, diffusion, and viscosity 
measurements, i.e. 22,600 to 24,500. The present value is likewise in 


18° 

1.6: ° 
e 

1.2: 

10° 


0.1 03 04 OS 06 O7 08 O9 10 
PERCENT BOVINE SERUM ALBUMIN 
Fic. 1. Light seattering of bovine serum albumin solutions as a function of pro- 
tein concentration. O, Armour Lot J-5005 in phosphate buffer, pH 7.8, ionic strength 
0.176; @, Armour Lot G-4502 in phosphate buffer, pH 7.8, ionic strength 0.38. The 
ordinate intercept corresponds to a molecular weight of 68,000 to 71,000. 


5.0: 


4.0 LJ 
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01 02 03 04 05 06 OF O08 OF 10 
PERCENT CHYMOTRYPSINOGEN 


Fig. 2. Light seattering of chymotrypsinogen solutions as a function of protein 
concentration, in phosphate buffer, pH 2.5, ionic strength 0.15. The open and solid 
circles denote two different series of measurements. The ordinate intercept cor- 
responds to a molecular weight of 25,000. 


fair agreement with the minimum molecular weight calculated from the 
analytical data of Lewis et al. (26). Assuming two methionine and two 
histidine side chains per molecule, we calculate the average minimum 
molecular weight to be 26,900. The next higher minimum molecular 
weight would be 40,400. 

Fig. 3 depicts the results of scattering measurements on zine insulin, 
Lot T-2344, in phosphate buffers, pH 2.6, of ionic strength 0.11, 0.053, 
and 0.011, respectively, and in sodium chloride-HCl, pH 2.6, ionic 
strength, 0.10. Several aspects of these results are worthy of considera. 
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6 LIGHT SCATTERING OF INSULIN 


tion. The slopes of scattering curves may be regarded generally as a 
resultant of two effects of opposite sign; 7.c., (1) the electrostatic inter- 
action, primarily dependent on the ratio of valence to the mass of the 
protein (19) and giving rise to increasingly positive slopes as the ionic 
strength is decreased, and (2) increasing molecular association with in- 
creasing protein concentration, yielding slopes of negative sign. From 
the work of Edsall et al. (22), the electrostatic effect may be expected to 
be negligible in the present case when the ionic strength is 0.05 or higher; 


Oo! o2 03 OS O07 O8 o9 10 
PER CENT INSULIN 

Fic. 3. Light scattering of solutions of insulin, Lot T-2344, as a function of pro- 
tein concentration. All measurements at pH 2.6. The symbols denote the follow- 
ing experimental conditions: @, NaCl-HCl, ionic strength 0.10; O, phosphate buffer, 
ionic strength 0.11; O, phosphate buffer, ionic strength 0.053; @, phosphate buffer, 
ionic strength 0.011. The ordinate intercepts correspond to molecular weights of 
11,000 to 13,000. 


indeed, the slopes are negative and almost identical. Accordingly, in this 
range of ionic strength the relative displacement of the curves may be 
regarded as indicative of increasing disaggregation as the salt concentra- 
tion is increased. In confirmation of the results of Frederica and Neurath 
(5), it is found that at any protein concentration higher than 0.2 per 
cent the extent of disaggregation is greater in phosphate buffer than in 
solutions of sodium chloride of equal ionic strength. The upward swing 
of the curves, particularly evident for the lower two curves in the lowest 
protein concentration for which experimental points have been deter- 
mined, suggests a tendency for further disaggregation. However, within 
the limits of error of these measurements, the value of the ordinate inter- 
cept obtained by visual extrapolation appears to be independent of the 
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nature of the supporting electrolyte and corresponds to a molecular weight 
of 11,000 to 13,000. This is contrary to the findings of Fredericq and 
Neurath (5), since a minimum molecular weight of 6000 would correspond 
to an ordinate intercept of 16.6, which is well beyond the range of the 
ordinate scale of the present plots. 

Measurements similar to those shown in Fig. 3 have been carried out 
at a later date with a second photometer. The relative positions of the 
curves were the same as those shown in Fig. 3 and the extrapolated molecu- 
lar weights were within the range of 10,600 to 11,400. 

A special series of scattering measurements within the low concentration 
range of 0.025 to 0.4 per cent insulin in phosphate buffer, pH 2.6, ionic 


» strength 0.11, was carried out on the pooled, recrystallized Preparation P 


in order to define more rigidly the extrapolation to the ordinate intercept. 


He x 105 


01 02 03 04 OS 
PERCENT INSULIN 


Fic. 4. Light seattering of solutions of pooled, recrystallized insulin (Preparation 
P) in the low concentration range, in phosphate buffer, pH 2.6, ionic strength 0.11. 
The ordinate intercept corresponds to a molecular weight of 11,400. 


The results are given in Fig. 4. The extrapolated molecular weight is 
11,400. Since in the lowest protein concentration (0.025 per cent) the 
intensity of the light scattered by the solution is only less than twice that 
scattered by the solvent, the reliability of measurements of such weak 
scattering was checked by measurements on solutions of bovine serum 
albumin adjusted to such concentrations (0.01 per cent to 0.1 per cent) 
as to produce the same range of turbidities as those encountered in the 
measurements on insulin. The corresponding results are shown in Fig. 5. 
The extrapolated molecular weight is 73,000, in fair agreement with meas- 
urements performed at higher protein concentrations (Fig. 2). It is 
worthy of note that, even in this low concentration range, the scattering 
curve of insulin remains convex relative to the abscissa, whereas that of 
serum albumin is essentially linear. 

The seattering by particles whose largest dimension is small in com- 
parison to the wave-length of light which it scatters is not expected to 
exhibit dissymmetry effects in regions of moderate concentration (19). 
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8 LIGHT SCATTERING OF INSULIN 
However, lots other than Lot T-2344 have been found in which dissym- 
metry ratios greater than 1.0 occur. This is shown in Fig. 6 in which 
Lot 466366 is compared to Lot T-2344.2 The divergent concentration ' 
15+ $ 
e 
e 
13 | 
12 
Lit 
1.0; 
PER CENT BOVINE SERUM ALBUMIN 
Fic. 5. Light seattering of solutions of serum albumin within a concentration | 
range such as to give turbidities comparable to those observed in the measurements an 
of Fig. 4. Armour Lot G-4502, phosphate buffer, pH 7.8, ionic strength 0.11. The 0.1 
ordinate intercept corresponds to a molecular weight of 73,000. res 
\ 
30 + 
20> 
a) € 
0.0 T 
PER CENT INSULIN 
Fic. 6. A plot of the dissymmetry ratio against protein concentration of insulin 
solutions. Measurements in phosphate buffer, pH 2.6, ionie strength 0.11. @, Lot 
T-2344; O, Lot 466366. : 
* Contrary to what is normally expected for the concentration dependence of tion 
dissymmetry ratios, the ratios observed here increase with increasing solute concen- ion 
tration rather than decrease (27). This unusual behavior would result if spontane- res) 
ous aggregation (elongation reaction or spherite formation) were to occur during the nies 
time of filtration of the solution in the cold, the rate of this process increasing with ms 
rire 
diss 
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PER CENT INSULIN 


Fig. 7. Comparison of the light scattering of solutions of insulin Lot T-2344 (O) 
and Lot 466366 (@). Measurements in phosphate buffer, pH 2.6, ionic strength, 
0.11. The ordinate intercepts correspond to molecular weights of 11,900 and 13,200, 
respectively. 
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PER CENT INSULIN 
Fic. 8. Light seattering of solutions of pooled, recrystallized insulin (Prepara- 
tion P). All measurements in phosphate buffer, pH 2.6. The symbols refer to 
ionic strengths of 0.11 (O), 0.053 (@), and 0.011 (g@). The ordinate intercepts cor- 


birefringence could be observed by simple qualitative tests, a rate study of the 
dissymmetry effects is, nevertheless, indicated. 
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dependence of light scattering revealed by these two lots in phosphate 
buffer, pH 2.6, ionic strength 0.11, is shown in Fig. 7. With Lot T-2344 
there is evidently a higher degree of disaggregation. The pooled, re- 
crystallized Preparation P likewise had different scattering properties than 
did the “standard” Lot T-2344. This is evidenced by comparison of the 
results of Fig. 8 with those in Fig. 3. However, the extrapolated molecu- 
lar weight appears to be independent of the protein preparation (compare 
Figs. 3, 4, 7, and 8). 


DISCUSSION 


The discrepancy between the results of the present study and those of 
Fredericq and Neurath (5) concerning the minimum molecular weight of 
insulin in aqueous solutions necessitates consideration of the resolving 
powers of the methods used in these studies. 

Because of the weak intensity of light scattered by relatively small 
molecules, the light scattering of insulin, particularly in dilute solutions, 
can easily be seriously affected by small amounts of extraneous matter, 
either atmospheric dust or impurities, protein in nature, such as to give 
apparent molecular weights which are too high. Measurements with the 
ultracentrifuge are not susceptible to this source of error.‘ Since all solu- 
tions appeared uniformly clear when illuminated by a strong beam of 
light in a darkened room, it is believed that contamination by dust parti- 
cles, which show up readily under such examinations, can be excluded as a 
source of error of real importance. The presence of tangible quantities 
of protein particles of higher molecular weight is less readily excluded 
from these considerations. 

A previous examination of Lot T-2344 by the solubility method failed 
to reveal the presence of impurities (5). [f the sensitivity of the solubility 
method is conservatively rated as 2 per cent (29), and if it is assumed 
that the true minimum molecular weight of insulin is 6000, it may be 
calculated that an impurity, present to the extent of 2 per cent, must have 
a molecular weight of about 300,000 to produce the observed extrapolated 
molecular weight of about 12,000. Such large molecules would readily 
pass through fritted glass filters, but the resolving power of the ultracen- 
trifuge would be too low to reveal them in dilute insulin solutions.’ The 


* Redetermination of the sedimentation constants of insulin (Lot T-2344), in 
the range of protein concentrations reported by Fredericg and Neurath (5), in phos- 
phate buffer, pll 2.6, ionic strength 0.1, has yielded essentially the same values. 

* While this interpretation could be tested experimentally by subjecting an insulin 
solution to ultracentrifugation and examining the seattering properties of dilutions 
of the top and bottom fraction (23), seattering measurements on insulin solutions 
clarified by ultracentrifugation at 170,000 K g have, in our experience, not been sat- 
isfactory. In this connection, it is of interest that Dr. David F. Waugh found 
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presence of such aggregates would tend to shift the scattering curves, of 
the types shown in Figs. 3, 4, 7, and 8, downward along the axis of the 
ordinate. If these aggregates do not dissociate, they would lower the 
ordinate intercept and increase the apparent molecular weight; if they 
are dissociable, the extrapolation to the ordinate intercept may be in 
doubt. The observation that the scattering curves retain their curva- 
ture even in the lowest protein concentration range that can be investi- 
gated (Fig. 4) suggests that, even in this low range, molecular dissocia- 
tion is not complete. 

Since the publication of Fredericq and Neurath’s results (5), analyti- 
cal data have appeared which converge toward the view that the mini- 
mum molecular weight of insulin is 6000. Sanger (30) has found that the 
terminal amino acid sequences of the two chains each of Fractions A and 
B are identical, leading to the tentative conclusion that the two chains 
are identical in the respective fractions and that the simplest chemical 
molecular unit may be 6000. The recent counter-current studies of 
Harfenist and Craig (31) are of interest in this connection, since they have 
shown that Lot T-2344 consists of two fractions of equal biological ac- 
tivity, and apparently differing from one another in minor structural de- 
tail, since a high number of transfers was required for their resolution. 
Moreover, when the method of Battersby and Craig (32) was applied to a 
sample of Boots’ insulin, a molecular weight of about 6000 was obtained.* 

The great variability in scattering properties among various lots of 
crystalline zinc-insulin invites caution in the comparison of results ob- 
tained with unspecified lots. 


The authors wish to express their appreciation to the Lilly Research 
Laboratories, Eli Lilly and Company, [ndianapolis, for the supply of gen- 
erous amounts of crystalline zine insulin and for financial support of this 
study. 


SUMMARY 


Measurements of the light scattering of solutions of crystalline zinc 
insulin have been carried out in relation to protein concentration and sol- 
vent composition. In agreement with the report of Fredericq and 
Neurath, it was found that at pH 2.6 molecular disaggregation occurs to a 
greater extent when dihydrogen phosphate is used as supporting electrolyte 
rather than chloride and that, within limits, disaggregation increases with 
decreasing ionic strength o of the solution. However, extrapolation to zero 


that, even after ultracentrifugation at 170,000 < g for 45 minutes, insulin solutions 
retained nuclei for spontaneous fibril formation. (Private communication.) 
* Private communication of Dr. E. J. Harfenist and Dr. L. C. Craig. 
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12 LIGHT SCATTERING OF INSULIN 


protein concentration yields a molecular weight of about 12,000 instead 
of 6000. The origin of these discrepancies is considered in the light of 
the resolving power of the method of light scattering in comparison to the 
methods of sedimentation and diffusion and osmotic pressure, respectively, 
and it is concluded that the method of light scattering fails to resolve these 
discrepancies. 

Although various lots of crystalline zinc insulin gave the same extra- 
polated value for the molecular weight, the shape of the scattering curves 
varied appreciably from lot to lot, probably because of differences in dis- 
aggregation tendencies. 

As part of this study, the molecular weight of chymotrypsinogen was 
determined, yielding a value of 25,000. 


Addendum—A recent, detailed determination of the specific refractive index 
increments of crystalline beef insulin (Lot T-2842) in the various media employed 
in this investigation has given results which are somewhat lower than those re- 
ported in the text. In phosphate buffer, pH 2.6, the specific refractive index incre- 
ments were as follows: ionic strength 0.10, 0.1886; ionic strength 0.05, 0.1878; ionic 
strength 0.01, 0.1925; and in NaCl-HCl, pH 2.6, ionie strength 0.10, 0.1868. If 
these corrections are applied to the seattering curves obtained in the present work 
with different preparations of insulin, somewhat higher limiting values for the 
molecular weight are obtained (up to 15,000), 
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PLASMA PROTEIN 
Ill. THE EQUILIBRIUM BETWEEN BLOOD AND LYMPH PROTEIN* 


By ISMAIL A. ABDOU; W. O. REINHARDT, 
HAROLD TARVER 


(From the Divisions of Biochemistry and Anatomy, Univeteity of California 
School of Medicine, Berkeley, California) 


(Received for publication, July 10, 1951) 


In a previous communication it has been shown that when labeled 
plasma protein is given intraperitoneally it rapidly appears in the circu- 
lation and that after 6 hours the level of activity is the same in the circu- 
lation as if an equal dose of protein had been given intravenously (1). In 
contrast it was also shown that the oral administration of plasma protein 
led to entirely different results, owing presumably to the degradation of 
the protein in the gastrointestinal tract. In addition, it was demonstrated 
that the plasma protein in the circulation rapidly came into equilibrium 
with some tissue or tissues which caused its breakdown, since the rate of 
evolution of labeled carbon dioxide reached its maximum after a period 
of only 2 or 3 hours. 

The present experiments were designed to show the rapid transfer of 
the labeled protein from the blood or peritoneal cavity into the lymph by 
the direct method of collecting lymph from the thoracic duct. Plasma 
protein was labeled either by feeding serine-8-C"™ as before (Donors A) 
or by feeding killed labeled organisms to rats (Donors B). The organism 
used was Rhodospirillum rubrum, grown in a medium containing labeled 
bicarbonate until the maximum uptake had been attained.' Details of 
the procedure will be given in a later communication. 


EXPERIMENTAL 


Animals—The rats used were of the Long-Evans strain; the weights of 
the recipients and other data are shown in Table I. It will be noted that 
the experimental animals had an average weight of about 200 gm. (actual 
average 187 gm.), similar to those previously employed (1). They were 
fasted, weighed, and then fed for 16 hours before administering the labeled 


* Our thanks are due to the American Cancer Society which, upon recommenda- 
tion of the Committee on Growth of the National Research Council, provided us 
with financial assistance. Additional assistance was provided by funds adminis- 
tered by the Medical Research Committee of the University of California. 

! We are indebted to Professor H. A. Barker for his assistance in growing the 
organisms used in this study. 
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plasma. During the experimental period, lymph was collected by can- 
nula from the thoracic duct of animals maintained under sodium pento- 
barbital anesthesia (2). The cannula was introduced into the neck so 
that plasma could be injected into the peritoneal cavity without fear of 
complications resulting from abdominal incision. Control animals were 
subjected to a sham oe involving exposure of the duct. Lymph 
was collected — for 6 hours in all animals except the controls. Then 
all were sacrificed by withdrawing blood from the inferior vena cava. 

Plasma—tThe labeled plasma was prepared as for the previous experi- 
ments (1) or as indicated in the introduction. Neither that labeled by 
feeding serine-8-C™, Plasma A, nor that labeled by feeding the killed 
bacteria, Plasma B, contained any significant amount of radioactivity in 
compounds other than protein after dialysis against saline. The dose of 
plasma employed was 1.5 ml. except for two rats which received only 0.5 ml. 
of Plasma B (Table [). Since the plasma contained 7.4 per cent protein 
(1), the dose amounted to 110 or 37 mg. in all experiments. All plasma 
samples used were clear. 

Samples—In the case of the animals injected intravenously with the 
labeled plasma, initial samples of 0.5 ml. were taken from the vein on the 
opposite side of the neck. The dose was corrected for the activity so 
removed. At the end of the experiment blood was taken as mentioned 
before. Plasma protein and lymph protein samples were prepared as pre- 
viously described (1). 


RESULTS AND DISCUSSION 


All data are presented in terms of counts per minute per mg. of protein; 
i.e., as per cent of the dose per gm. of protein, because all are calculated 
to a dose of 10° ¢.p.m. in the dose of protein given. Since the animals 
all weighed about 200 gm. (Table I), activities found in the blood protein 
are comparable to these given in the previous communications (1, 3), in 
which the dose was actually corrected to 10° ¢.p.m. per 200 gm. rat. In 
these present experiments we have not made this correction in order to 
emphasize the fact that the results are from experiments of an acute type 
in which each animal may not be strictly coniparable with its mates be- 
cause of differences in depth of anesthesia and because the animals were 
not fasted prior to the experiment, ete. Variations were particularly ob- 
vious in those experiments in which the protein was given orally and in 
which different degrees of digestion of the protein in the gut were observed. 

In Fig. | are shown the specific activities of the lymph proteins taken 
at hourly intervals from rats given plasma by the three routes of adminis- 
tration employed, and in Table II the specific activities of the plasma 
proteins for the same animals are given. If the results following the in- 
traperitoneal injection of plasma protein are considered first, it will be 
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seen from Fig. | that the specific activity of the thoracic duct lymph pro- 
tein rises to quite high levels and attains a maximum value about 3 to 4 


TaBie I 
Experimental Animals (Recipients) 


Rat No. Weight Plasma type -..-—9 Route 
em. ml. 

41 178 A 1.5 Intravenous 
67 205 B 1.5 = 
68 217 0.5 
69* 164 0.5 
37 168 A 1.5 Intraperitoneal 
65 215 B 1.5 as 
66 166 1.5 
64* 200 1.5 
42t 178 A 1.5 Oral 
71 195 B 1.5 “9 
72 164 1.5 
73° 193 1.5 


* Control animals, lymph not collected. 
t Rat sacrificed after 5 instead of 6 hours. 
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SPECIFIC ACTIVITY OF 


THORACIC LYMPH PROTEIN 


3 a 5 6 


2 
TIME IN HOURS 

Fic. 1. The specific activity of protein from the thoracic duct lymph of rats fol- 
lowing the administration of labeled plasma from Donor A (dotted curves) or 
Donor B (solid curves) as a function of time. Rats 66 (0), 65 (A), 37 (O) intra- 
peritoneal; Rats 41 (O), 67 (A), 68 (OC) intravenous; Rats 71 (A), 72 (0), 42 (O) 
oral. For weights of rats and type of plasma see Table I. 
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hours after the injection. The levels reached, however, are never more 
than 20 per cent of the specific activity of that in the injected material. 
Dilution must have resulted from the continued collection of large amounts 
of lymph protein from other sites in the animal or from the production or 
modification of the protein during its transfer into the thoracic duct (2). 
Table II shows that the concentration of the label in the blood protein 
rises only slowly, because at the time of sacrifice, 6 hours after injection 
of the label, its specific activity is still quite low, namely about 7 per cent 
of that inthe lymph. In the control animal (Rat 64) from which no lymph 
was collected, the level in the blood was nearly 7 times as high, obviously 
because the activity was not being drained out through the duct. 


II 
Specific Activities of Plasma Protein of Rats Following Administration of Labeled 
Plasma and Collection of All Thoracic Duct Lymph 
The specific activities of protein are expressed in counts per minute per mg. 
following the administration of 10° c.p.m. per rat (approximately 200 gm.). See 
Table I for weights of rats. 


Intraperitoneal Intravenous Oral 

Rat No. 6 hrs. Rat No. | 0.07 hr. 2 hrs. 4 brs. 6 hrs. Rat. No. : 6 brs. 
37 11.4 | | | 198 | 197 | 3 | 42 | 3.29 
66 13.0 | 6 | 10 | | 03 | | | 85 
| sa | | we | 13 | 0s | o | 72 | 8.4 
| 68.4 204 | 156 | 137 | 


* Plasma taken 5 hours after injection. 
t Control animals, lymph not collected. 


These experiments, therefore, show that there is an extremely rapid 
transfer of protein from the peritoneal cavity into the thoracic duct, al- 
though in a 6 hour period this is by no means quantitative, as shown by 
the data of Table III. In three rats an average of about 28 per cent of 
the dose appeared in the lymph, and besides this about 6 per cent was 
transferred by some other route into the circulating blood; e.g., through 
the right cervical lymph duct or leaked past the cannula. Thus a total 
of about 33 per cent of the dose was accounted for in these two loci. The 
rest may not have been absorbed or may have been located in the tissues. 
In the previous work it was noted, however, that after giving a similar 
dose of plasma protein intraperitoneally the level in the circulation after 
6 hours was the same as when the same dose was given intravenously (1). 
This being the case, it would appear that in these animals all of the dose 
must have been absorbed from the peritoneal cavity during the period 
mentioned. The apparent reduction in the rate of transfer observed in 
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the present work must be attributed to a reduction in lymph flow under 
the influence of the anesthetic, which is known to occur (4, 5), and to 
the reduction in plasma volume which supervened (Table ITI). 

The results given in Table II also show that the two types of plasma 
protein behave similarly in this experiment and in the experiment in which 
the protein was given intravenously. 

Experiments of a somewhat similar type were carried out by McKee 


TaBLe III 


Labeled Protein in Thoracic Duct Lymph and Plasma of Rats 6 Hours after 
Administration of Labeled Plasma via Different Routes 


For animal weights and label used see Table I. 


lymph plasma | 

| per cent | percent percent | percent mg. 
Intraperitoneal 37 52.0 26.3 | 4.47 | 200.8 | 179 
| 66 53.5 29.1 4.90 4.0 | 168 
«65 52.0 27.6 7.40 | 35.0 | 178 

| 42.5 38.3 38.3 
Intravenous 41 —s«BB.0 12.2 50.2 62.4 163 
67 — 49.0 11.6 52.7 64.3 169 
6S 55.0 10.7 49.5 59.5 152 

69 43.5 60.0 60.0 
Oral 42} | 49.5 0.28 2.48 2.76 155 
71 «60.5 0.67 7.15 7.82 163 
72 | 49.0 0.60 | 6.13 6.73 150 

73 | 42.5 8.87 


* b is corrected for the change in the hematocrit. All hematocrits were deter- 
mined at the time of sacrifice. 

t 10, 30.2, and 9.5 per cent of the dose were found as protein in the gastrointes- 
tinal tract washings of Rats 71, 72, and 73 respectively. Corrected for this loss, 
a + 6 for these animals becomes 8.7, 9.64, and 9.48 per cent respectively. 

t Animal sacrificed after 5 hours. 


and coworkers (6) in dogs. These workers produced experimental ascites 
in their animals by artificially constricting the inferior vena cava. Then 
when they injected labeled protein into either the circulation or into the 
ascitic fluid, they observed transfer into the other location. However, 
owing to the relatively large protein content of the ascitic fluid, the rate 
of transfer did not appear to be a very rapid one. 

When the plasma protein was given intravenously the results, shown 
in Figs. | and 2 and in Table II, again indicate that a maximum labeling 
of lymph protein occurs between 3 and 4 hours after the injection. How- 
ever, it will be noted that the maximum is only half or less than that at- 
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tained after intraperitoneal injection. Quite evidently this is because the 
protein was diluted by the plasma protein in the circulation in this case, 
It should also be noted that at its maximum the specific activity of the 
lymph protein was only about 30 per cent lower than that of the plasma 
protein; i.e., about 3.5 hours after the injection. This is shown quite 
clearly in Fig. 2 in which the original activity of the plasma protein in 
the circulation is assigned a value of 100 and all other activities are cor- 
rected accordingly. 


SPECIFIC ACTIVITY OF PROTEIN 


TIME IN HOURS 
Fic. 2. The specific activity of the protein from the plasma and the thoracic duct 
lymph of rats following the intravenous injection of labeled plasma as a function 
of time. The specific activity of the plasma of each rat at 0.07 hour after the in- 
jection is taken as 100 and other values are corrected accordingly. 


In contrast to the results obtained when the plasma protein was given 
parenterally are those obtained when the same dose was given by stomach 
tube. The data are shown in Fig. | and Tables [IT and III, and it is evi- 
dent that little, if any, of the protein passed from the gastrointestinal 
tract into the lymphaties emptying into the thoracic duct. The activi- 
ties observed in the lymph protein were uniformly low, like those in the 
plasma protein. It will be noted from the data in the foot-note to Table 
ITI that in these animals different amounts of protein remained in the 
gastrointestinal tract at the time of sacrifice. It was also noted that this 
protein was diluted with different amounts of inert material; hence differ- 
ences in the amount of food ingested by the animals explain the varia- 
bility in the amount of digestion and absorption. 
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It will also be observed that the oral administration of the Plasma B 
leads to higher labeling in the lymph and plasma proteins than does the 
administration of the Plasma A. The differences between the values for 
the specific activities of the lymph proteins in Rat 42 (Plasma A) were 
always significantly lower than those for Rats 71 and 72 (Plasma B); thus 
for the lymph collected between 4 and 5 hours after injection the actual 
values were 3.2 (Rat 42), 5.8 (Rat 71), and 5.5 (Rat 72). 

Table II also shows that the specific activities of the plasma proteins 
in these rats are also significantly different. Plasma A leads to lower 
labeling than Plasma B. This is in accord with the results we have ob- 
tained when the activities in tissues of normal animals were compared at 
various intervals after the administration of the two different plasma pro- 
teins. Plasma B always gives higher tissue labeling than does Plasma A.* 

Table III shows balances for the radioactivities in the several channels 
which were investigated in these experiments. It is possible to calcu- 
late from the data the amount of protein transferred from the peritoneal 
cavity into the thoracic duct. The average amount of lymph protein 
collected was 173 mg. in 6 hours. Of this protein one-fifth came from 
the peritoneal cavity and four-fifths from other sites;’ thus the transfer 
was 173/(6 X 5) or about 6 mg. per hour from the peritoneal cavity. This 
assumes that the protein has undergone no change in the process of trans- 
fer. 

In the intravenous experiments we may calculate a similar value as 
follows: The average maximum specific activity of the protein in the 
lymph after injection (Fig. 1) was 84 ¢.p.m. per mg. and the average weight 
of the total protein which appeared in the lymph was 161 mg. (27 mg. 
per hour), or the fraction of the dose appearing in lymph was (84 X 161 
<x 100)/(6 100,000) or 2.3 per cent hour. In Rat 41 the total circu- 
lating protein may be estimated to be 7.5 X 74 X 178/200 + 110 = 600 
mg. (plasma volume X mg. per cent of protein X weight correction factor 
+ protein injected); and in Rats 67 and 68 the protein in circulation was 
about the same following the injection. Thus 2.3 per cent of 600 mg. 
or 14 mg. of plasma protein was transferred into the lymph per hour. Ap- 
proximately the same figure is obtained if the calculation is made from the 
specific activity of the plasma protein and the per cent of the dose in the 
lymph (Table III). Obviously, this estimate is only approximate, be- 


? Unpublished data of the authors. 

* The actual minimum dilution may be calculated as follows: injected 110 mg. of 
protein with 10° ¢.p.m. (specific activity 900 ¢.p.m. per mg.); average maximum 
specific activity of lymph protein after intraperitoneal injection 176 ¢.p.m. per mg. 
(Fig. 1); dilution 900/175 or 5 times. Consequently the protein coming from the 
peritoneal cavity was diluted with 4 parts of inactive protein coming from other 
sites. 
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cause the amount of protein in the circulation of these rats is changing 
during the experiment. Since the rate of appearance of protein in the 
lymph averaged 27 mg. per hour, the plasma protein in the circulation 
must have been in equilibrium with as much or more extravascular pro- 
tein if the rest of the lymph protein arises from the extravascular plasma 
protein. 

It appears from the data that the rate of transfer of protein from the 
circulating blood into the thoracic duct lymph is greater than the rate of 
transfer of protein from the peritoneal cavity into the duct. Indirect 
evidence indicating the existence of such a circulation of protein from blood 
to lymph has been presented by Drinker (4, 7). More recently the direct 
transfer of labeled colloids from the circulation following intravenous ad- 
ministration into the lymph has been shown by various workers. Thus 
Cope and Moore (8) demonstrated that in dogs radioactive dyes such as 
brominated trypan blue and Evans blue (T-1824), as well as halogenated 
plasma proteins, rapidly pass from the circulation into the various lym- 
phatic vessels, so that in the anesthetized animal a maximum concentra- 
tion is reached in the thoracic duct in 3 to4 hours. The dyes are apparently 
preferentially bound to the albumin fraction of the blood proteins (9) and 
the evidence suggests that the albumin-dye compound passes into the 
lymph more rapidly than does the globulin (8). This work has been con- 
firmed by Krieger and coworkers (10) and also by Wasserman and Mayerson 
(11). The first of these groups of workers showed the more rapid ap- 
pearance of iodinated albumin (human) than of iodinated plasma protein 
in the thoracic lymph from dogs. Thus the present experiments on rats 
with “naturally” labeled plasma protein substantiate the previous data 
obtained in dogs by the use of labeled dyes and halogenated proteins. 
However, because of the species differences and other changes in experi- 
mental conditions, it is impossible to tell whether the modified proteins 
pass into the lymph at the same rate as do normal plasma proteins, but 
evidently, as might be anticipated, the albumin fraction appears to be 
more rapidly transferred than the globulin. 

It is not clear whether the most rapid component in the curve showing 
the loss in activity from the circulating plasma protein (Fig. 1 (1)) should 
be equated with the loss into interstitial fluid and lymph, although this 
appears probable. 

The difference between plasma protein from Donors A and B is evident 
again in the data of Table IIL from the animals to which the plasma was 
administered orally. It is also noteworthy that, at the time of sacrifice, 
the hematocrit value is high in all the animals except the controls, from 
which no lymph was drained. This provides additional evidence that 
the lymph is formed from the plasma. 
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We are indebted to the United States Atomic Energy Commission, Oak 
Ridge, for the supplies of C™ used in these studies. 


SUMMARY 


Plasma proteins have been labeled in donor rats by administering serine- 
8-C™ or killed bacteria generally labeled with C". The labeled plasma 
proteins pass rapidly from either the circulation or the peritoneal cavity 
of anesthetized rats into the thoracic duct lymph. In either case maxi- 
mum labeling of the lymph protein occurs in 3 to 4 hours. When the 
lymph protein is drained off, little of the protein given intraperitoneally 
reaches the circulation. After giving the labeled protein orally, little or 
none appears in the lymph. Therefore, these results support the concept 
of a continual circulation of protein from blood and extracellular fluid 
into the lymph and back again into the blood. 
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THE EFFECT OF COMBINED INSULIN UPON THE 
METABOLISM OF THE LACTATING MAMMARY 
GLAND OF THE RAT* 


By A. GORMAN HILLS ann WILLIAM C. STADIE 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 1, 1951) 


Previous papers from this laboratory (1, 2) have reported experiments 
which were interpreted to mean that insulin rapidly combines with the 
isolated diaphragm from the rat. This demonstration was accomplished 
as follows: The diaphragm was preequilibrated for a brief period in me- 
dium containing insulin, thoroughly washed, and finally equilibrated in a 
glucose medium containing no insulin. During the preequilibration period 
the tissue combined with insulin as was shown by the fact that the custom- 
ary effect of insulin upon the metabolism of the muscle tissue was demon- 
strated; viz., an increased rate of synthesis of glycogen in the subsequent 
equilibration period. We also showed that the ability of the muscle to 
react to the combined insulin was markedly influenced by endocrine fac- 
tors, such as the diabetic state induced by alloxan and excess or deficiency 
of pituitary and adrenal hormones (3). 

If the combination of insulin with tissue is indeed a phenomenon of 
fundamental physiological importance, one might expect that any tissue, 
the metabolism of which can be affected by insulin, would also be capable 
of combining with insulin. We therefore extended our experiments to 
include tissues widely different in structure and metabolic activity from 
diaphragm and in this paper report data on slices of mammary gland 


from lactating rats. 
In order to demonstrate that insulin has combined with a tissue, a re- 


producible measurement of insulin effect is required. We have utilized 
an insulin effect, recently reported by Balmain, French, and Folley (4), 
in order to study the combination of insulin with lactating mammary 
gland tissue. The investigators found, and we have confirmed, that the 
equilibration in vitro of such slices in experimental vessels containing in- 
sulin in addition to glucose and acetate regularly induces:-an elevation of 
the respiratory quotient of slices of such tissue as compared with controls 
without insulin. Presumably insulin induces an extra synthesis of fat 

* The work reported in this paper was supported in part by grants from the Na- 


tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 
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from these substrates. The present studies establish beyond doubt that, 
as in the case of the diaphragm, insulin combines rapidly with lactating 
mammary gland tissue. We have also investigated the metabolism of 
‘slices of lactating mammary glands of the rat by analytical and gaso- 
metric methods in both phosphate and bicarbonate media. 


Methods 


Animals—The bulk of these studies was made on albino rats of the 
Wistar strain; hooded rats of the Long-Evans strain were used in a few 
experiments. Since no difference between the two strains was observed, 
the results were pooled. All the tissues were obtained from females 10 
to 25 days post partum, which were fed ad libitum and permitted con- 
tinuously to suckle their young until killed by decapitation just before the 
experiment. Glands taken from mothers separated from their litters for 
as little as 1 day proved to be unsatisfactory. 

Tissue—Both right and left inferior mammary glands were removed, 
sectioned, and sliced with the Stadie-Riggs slicer (5). The slices were 
kept at room temperature in oxygenated solutions of the buffer to be 
used in the particular experiment until they could be introduced into the 
chilled (0°) Warburg vessels. The dry weight of tissue was determined 
in tared sintered crucibles by the method previously described (6); viz., 
the tissue was coagulated by trichloroacetic acid at the end of the experi- 
ment, introduced into weighed sintered crucibles, and washed twice with 
10 ml. of 5 per cent trichloroacetic acid. The crucibles were then placed 
in a vacuum oven at 80° for 16 hours prior to weighing. The total time 
from killing of the animal to commencement of the respiratory period did 
not exceed 30 minutes. 

Preequilibration—Experimental slices were placed in a beaker contain- 
ing 10 ml. of oxygenated saline with insulin (Lilly powdered insulin, Lot 
W-1282, 1 unit per ml.'). Control slices were placed in a beaker of oxy- 
genated saline. Following this preequilibration, for the time and at the 
temperature specified in Tables I to ITI, all slices were washed twice in 25 
ml. of saline at room temperature for 1 minute, each washing being pre- 
ceded and followed by the removal of adhering liquid by gentle blotting 
on filter paper. Finally the tissues were introduced into the chilled res- 
pirators containing the designated media but no insulin. 

Equilibration in Phosphate Medium—The conventional Warburg res- 
pirators equipped with center well containing acid and side sac containing 
alkali were used. The respiratory data were determined in the conven- 
tional way and expressed as Qo, (microliters of oxygen per hour per mg., 


' We are indebted to Dr. Peck of Eli Lilly and Company for generous supplies 
of this insulin. 
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dry weight) and R. Q. (ratio of CO, to O, by volume). The medium had 
the final composition, in micromoles per ml.: Na;sHPO, 40, NaH,PO, 10, 
KCI 12.5, MgCl, 5, NaCl 40, Na acetate 20. The concentration of sub- 
strate is indicated in Tables I and II. No insulin was present except in 
the experiments shown in Table I. The gas phase was 100 per cent oxy- 
gen, temperature 38°. 

Determination of Qo, and R. Q. in Presence of Bicarbonate Medium— 
The medium had the following composition, in micromoles per ml.: NaC] 
118, KCl 5, CaCl, 3, KH,PO, l, MgSO,-7H,0 1, NaHCO; 25. 

The principles of the method were the same as those used by Dickens 
and Simer (7) except that the respirometer was one specially designed.* 
The manometer fluid was Clerici’s solution with a density of about 4. 
The arrangement and contents of the accessory sacs permitted the follow- 
ing operations to be made at the appropriate times: (1) initial reading of 
the manometers after adequate gassing of the vessels with a mixture of 
5 per cent CO, and 95 per cent oxygen; (2) killing of tissue and liberation 
of CO, from the bicarbonate of the medium, by introduction of acid from 
the accessory side sac; (3) alkali development, which absorbs all gaseous - 
CO:, by admixture of potassium ferrocyanide and potassium perman- 
ganate contained in separate accessory sacs. 

Readings following these operations permitted the calculation of the 
following data: (1) oxygen uptake, (2) respiratory CO:, (3) acid production 
or formation, (4) initial and final pH. From these data on paired slices 
with and without insulin the insulin effects on R. Q. and Qo, were 
calculated. 

Determination of Lactose 

An aliquot of the medium following equilibration was treated by zinc 
hydroxide precipitation to remove protein and centrifuged. The cen- 
trifugate was fermented with yeast to remove glucose. The reducing 
value of the glucose-free filtrate was determined by the Miller-Van Slyke 


method (8). Control experiments with known amounts of lactose were 
carried out to standardize the procedure. 


DISCUSSION 
Control Experiments—When the preequilibration period is omitted and 
insulin is constantly present in the medium during the equilibration with 
glucose, our experiments (Table I) confirm the report of Balmain e@ al. 
(4) that insulin enhances the R. Q. of mammary gland slices obtained from 
lactating rats. The differences reported in Table I are highly significant, 
as shown by the ¢ test of Fisher. The effect is demonstrable in phosphate 


? Stadie, W. C., unpublished method. 
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23 INSULIN EFFECT ON TISSUE METABOLISM 
and bicarbonate media; it requires glucose as substrate; acetate need not 
be present. From the evidence obtained by tracer experiments by 
Popjak, Folley, and French (9), the insulin-induced elevation of the R. Q. 
is unquestionably a reflection of an acceleration of fatty acid synthesis 
by this tissue. 

In bicarbonate medium (Table I), with glucose and acetate as substrate, 


TaBLe I 
Effect of Insulin in Medium on Respiratory Quotient and Orygen Uptake of Slices of 
Lactating Mammary Glands from Normal Rats 
Medium, phosphate-saline or bicarbonate; substrate, glucose (G) 0.3 per cent 
+ 0.021 mM acetate (A); equilibration period, 1 or 2 hours; insulin in medium, 1 unit 
per ml. 


Medium ___.. | + Bicarbonate 
bstrate... | Gea | G+A G+A G 

Mean AR. * with insulin... +0.36 +0. 26 +0.36 +0.54 
S.e.m. 0.034 0.058 0.030 0.141 
wine | 10.6 4.6 10.3 3.83 
<0. 001 <0.001 <0. 001 <0.01 
vie 20 Is 46 
Mean R. Q., no insulin. 1.42 141 
Mean AQo,* with insulin. . +0.14 +0.31 +0.60 —0.31 
S.e.m. 0.20 0.18 0.18 0.25 
| | t t <0.01 t 
No. of rats. 5 5 14 4 

gamples. . 21 Is 46 9 
Mean Qo,, no insulin 3.68 3.13 2.84 3.15 


* Insulin effect is expressed as the observed value (with insulin) minus the mean 
control value (no insulin) from tissue of the same rat. 
t Not significant. 


insulin induced an increased oxygen uptake, in confirmation of the report 
of Balmain ef al. Such an effect is strikingly absent when phosphate 
medium is used or when acetate is omitted from the bicarbonate medium. 
The absence of the insulin effect on Qo, in this instance is not easy to ex- 
plain, but it indicates action of insulin upon two separate processes; viz., 
(1) acceleration of fatty acid synthesis as shown by the increase of R. Q., 
and (2) acceleration of some oxidative process presumably involving CO, 
and acetate, as shown by the increase of Qo, in the presence of both these 
substances. Further experiments are needed to clarify this observation. 
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Demonstration of Insulin Combination 

By using the increase in R. Q. which occurs when mammary slices are 
incubated in phosphate buffer as a measure of insulin effect, it has proved 
possible by the preequilibration technique to demonstrate that insulin 
combines chemically with this tissue in the same manner as with muscle. 
In all cases the mean insulin effects on R. Q. are highly significant by the 
ttest. The data presented in Table II further show that, as in the case 
of the rat diaphragm, the binding of insulin by mammary gland slices is 
quite rapid, since the mean insulin effect following preliminary equilibra- 
tion for 20 seconds is no less than those following 5 minutes preequilibra- 


Tasie II 
Effect of Combined Insulin on Respiratory Quotient of Slices of Lactating Mammary 
Gland from Normal Rats 
Preliminary equilibration, insulin 1 unit per ml.; temperature 38°; time as indi- 
cated. Subsequent equilibration, 90 minutes; medium phosphate-saline (pH 7.9); 
glucose = 0.3 per cent during subsequent equilibration; acetate, when present, 20 
um per ml.; temperature 38°. 


2 | es 


+0.30 | +0.25 40.20 +0.12 +40.29 
S.e.m.... 0.034 0.024 0.059 9.026 0.029 
| 0.4 34 46 10.0 
| & 24 13 49 


* Insulin effect expressed as the observed value (insulin-treated) minus the mean 
control value (no insulin) for slices from the same rat. 


tion. It is further interesting to note that combined insulin accelerates 
such totally different anabolic processes as glycogen synthesis and fat 
synthesis. Since the combination of insulin with adipose tissue has now 
also been demonstrated (10), the generality of the phenomenon is highly 
probable and lends support to the hypothesis that the hormone may re- 
quire such a union with cells as a prerequisite for its metabolic activity. 


Lactose Synthesis by Mammary Gland Slices 


The data in Table [III demonstrate that the synthesis of lactose from 
glucose by mammary gland slices from lactating rats occurs in vitro. 
Since this tissue responds so readily to insulin by extra synthesis of fat 
from glucose by reactions probably involving phosphorylations, it was of 
importance to determine whether the synthesis of lactose is similarly 
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affected. This was shown not to be the case. In twenty observations 
on mammary slices from five rats (Table III) no significant effect of in- 
sulin upon lactose synthesis was found. In the light of the experiments of 
Leloir (11) on the nature of the phosphorylating systems involved in the 
transformation of glucose to galactose and those of Hassid and Doudoroff 
(12) on the synthesis of disaccharides, this negative effect of insulin on 
the synthesis of lactose is significant in relation to the general problem 
of the chemical action of insulin. 


Taste III 
Effect of Insulin on Synthesis of Lactose from Glucose in Vitro by Slices from 
Lactating Mammary Gland from Normal Rats 
Medium, phosphate-saline, pH 7.4; glucose 0.3 per cent + insulin (1 unit per ml); 
time 90 minutes; temperature 38°. 


Initial lactose Final lactose; no insulin Insulin effect* 
Rat No. ae 
Nt Mean + s.e.m. Nt | Mean + 5.¢.m. | Nt Mean + s.¢.m. 
per gm. uM per gm. per gm 

1 6 41.1241 6 5.1 + 3.3 
2 4 7.3 4 4.1 5 31.6 + 1.7 | 5 —0.9 + 2.2 
3 3 11.5 + 0.4 3 32.5 + 2.1 3 —3.3 + 2.0 
4 4 27.4 + 1.2 
5 | & | 12.0+1.0 | 
6 | 3 9944+0.1 #3 | —6.8 + 4.2 
7 | 3 48226 3 2.7+6.3 


© The insulin effect is the difference of final lactose with insulin over the mean 
value without insulin for the same rat. 
t N indicates the number of observations on each rat. 


SUMMARY 


1. Slices of mammary tissue from normal lactating rats were shown to 
combine rapidly with insulin. The combined insulin resists the dissociat- 
ing action of prolonged washing and causes characteristic increase of the 
respiratory quotient, indicating an accelerated synthesis of fat from glu- 
cose and acetate. 

2. The synthesis of lactose from glucose by mammary tissue occurs 
in vitro, but is not affected by insulin. 
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EFFECT OF INSULIN ON THE METABOLISM OF 
ADIPOSE TISSUE FROM NORMAL RATS* 


By NIELS HAUGAARD anv JULIAN B. MARSH 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 1, 1951) 


In their recent review Wertheimer and Shapiro (1) emphasized that 
adipose tissue, hitherto regarded mainly as an inert site of fat storage, is 
in reality concerned with important reactions involving fat and carbo- 
hydrate metabolism. That adipose tissue is capable of synthesizing fat 
in vitro was indicated by the findings of Wertheimer (2) and of Mirski 
(3) that respiratory quotients greater than 1 could be obtained. Recently 
Shapiro and Wertheimer (4) conclusively demonstrated fat synthesis by 
their observation that deuterium oxide was incorporated into the fatty 
acids of adipose tissue equilibrated in vitro. In addition there is evidence 
that metabolic reactions in adipose tissue are under hormonal control. 
Fawcett (5) by histochemical techniques and Engel and Scott (6) by 
direct chemical analyses found that insulin im vivo caused an increased 
glycogen synthesis in this tissue. The in vivo experiments of Tepperman 
and coworkers (7) support the view that insulin stimulates fat synthesis 
in adipose tissue. 

We know of no observations on the effect of insulin on the respiration of 
adipose tissue, and experiments with other mammalian tissues in vitro 
have in the main been unsuccessful. The original observations of Krebs 
and Eggleston (8) that insulin added to minced pigeon breast muscle 
caused an increase in oxygen uptake have been confirmed in several labo- 
ratories. Rice and Evans (9) and later Stadie, Haugaard, and Perlmutter 
(10) showed that in the presence of pyruvate the effect of insulin on the 
oxygen uptake of this tissue was accompanied by an increased substrate 
utilization. These observations have been largely discounted as being 
of no great significance in the problem of the action of insulin. Recently, 
however, Balmain, French, and Folley (11) observed that insulin caused a 
marked increase in oxygen uptake and R. Q. of mammary gland slices 
from lactating rats. Experiments with radioactively labeled substrates 
strongly indicate that this effect is due to an extra synthesis of fat (12). 

Stimulated by these findings, we have studied the effect of insulin on 

* The work reported in this paper was supported in part by grants from the Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 
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the respiration of rat adipose tissue in vitro. The results of the present | anc 
study show that insulin increases the rate of oxygen uptake of this tissue | abs 
in the presence of a number of different substrates. Additional experi- | adc 
ments are reported which indicate that adipose tissue, like rat diaphragm | 10 
(13), combines with insulin, the combined insulin exerting its characteristic 
effects upon metabolism. 


Methods 


Albino rats of the Wistar strain were fasted 24 hours. After sacrifice r 
of the rat by decapitation, the retroperitoneal fat body lying in either - 
flank was removed from the upper pole of the kidney to the inguinal liga- 
ment. The tissue so obtained varied greatly in width and thickness but 
not in length. After removal, the pieces of tissue were weighed on a | Ozy 
torsion balance and separate pieces from each side placed in a Warburg 
vessel. In several instances in which the amount of tissue was large, 
two pieces were obtained from each side by cutting the tissue lengthwise 
with scissors. The medium in which the tissue was suspended had the 
following composition : 0.040 m sodium phosphate, 0.087 m sodium chloride, | — 
0.005 mM magnesium chloride, pH 6.8. The appropriate substrate was 
added before each experiment. The vessels were kept in ice water until 
gassed with oxygen. After 10 minutes equilibration at 38°, measurements | g,,, 
of oxygen uptake and respiratory quotient were made by conventional | Lac 
Warburg techniques in vessels of about 12 ml. volume. The vessels were  Pyr 
paired in all cases so that the insulin-containing vessel and its control | Ac 
contained tissue from the same rat, as nearly equal in weight as possible. 
The tissue was equilibrated for 1 hour in most of the experiments. How- 4 
ever, in some cases in which a very low rate of respiration was found the _— 
observation period was extended to 1} or 2 hours in order to obtain a 
more accurate determination of the respiratory quotient. The rates of | 
oxygen uptake recorded in Tables I to IV are in all cases based on meas- |» 
urements of oxygen uptake during the Ist hour of the experiment. | wet 

Chemical determination of pyruvate utilization was carried out mano-  agr 

obs 
R 


metrically directly in the Warburg vessel used in the experiment. The 

method involved the oxidative decarboxylation of pyruvate by an acid : 
solution of ceric sulfate and measurement of the carbon dioxide liberated. oxy 
The Warburg vessels were equipped with two side compartments that oxy 
could be turned. Alkali was placed in the center well and acid added to We 
one side compartment of the vessel. A glass rod extended from this side we 
to the center well so that acid entered both the center well and the main thy 
compartment of the vessel after turning the side arm. The other side tha 
arm contained 1.0 ml. of 1 m ceric sulfate in 1 N H,SO,, which was tipped ex; 
into the main compartment after all the respiratory CO, had been evolved adj 


eo 


| 


no- 
The 
cid 
ed. 
hat 
to 


N. HAUGAARD AND J. B. MARSH 35 


and measured. Control experiments showed that adipose tissue in the 
absence of added pyruvate did not liberate CO, when ceric sulfate was 
added. Pyruvate added to tissue was recovered to the extent of 95 to 
100 per cent by this method. 
RESULTS AND DISCUSSION 
Effect of Various Substrates on Respiration of Retroperitoneal 
Adipose Tissue in Vitro 
The data are shown in Table I. In the absence of added substrate, 
retroperitoneal adipose tissue has an oxygen uptake of 7.9 um per gm. of 
I 
Oxygen Uptake and Respiratory Quotient in Vitro of Retroperitoneal Adipose Tissue 
from Normal Rats 
Oxygen uptake Respiratory quotient 
Substrate ‘ration | 
N° | Mean + s.e.m. | N° Mean + s.e.m. 
mat per I. uM per wet gm. per hr. 
59 794054 54 1.00 + 0.028 
Glucose...........| 10 36 8.4 + 0.79 24 1.14 + 0.081f 
Succinate......... 10 52 11.2 + 0.72 33 1.05 + 0.061 
Lactate.......... a 25 8.3 + 0.98 23 1.21 + 0.047f 
. 7.8 + 0.50 32 1.23 + O0.041f 
Malonate.......... 13 | 16 5.8 + 0.46f 16 1.13 + 0.074 
Malonate.......... 
30 10 7.5 + 1.51 10 1.41 + 0.107f 
* In this and subsequent tables N is equal to the number of observations. 
t Significantly different from the mean value in the absence of substrate as judged 
by Fisher’s ¢ test. 


wet weight per hour and a mean R. Q. of 1.00. These results are in good 
agreement with the findings of Mirski (3) who in a series of experiments 
observed an average oxygen uptake of 8.2 um per gm. per hour and an 
R. Q. of 1.05. Mirski noted that there was a considerable variation in the 
oxygen uptake of adipose tissue from rat to rat and that expressing the 
oxygen uptake on a total nitrogen basis did not diminish this variability. 
We have found that when the oxygen uptake is expressed in terms of wet 
weight adipose tissue from obese rats has a lower rate of respiration than 
that from lean rats. In preliminary experiments, we have also found 
that the oxygen uptake is «uite variable from animal to animal when 
expressed on a total nitrogen basis. When this is done, however, the 
adipose tissue from obese rats has a higher oxygen uptake than that from 


sent 
ssue 
er i- 
istic 
ifice 
her 
iga- 
but 
na 
rge, 
the | 
ide, 

as 
ntil | 
nts | 
ynal 
ere 
OW- 
the 
ide 
ain 
ide 

red 


36 INSULIN EFFECT ON TISSUE METABOLISM 


lean rats. This might be expected, since such obese tissue presumably 
is actively engaged in fat synthesis in vivo, most of the wet weight consist- 
ing of stored fat. 

The addition of glucose to the medium in which the tissue is equilibrated 
has no effect on oxygen uptake but raises the R. Q. to 1.14 (Table I). 
Lactate and acetate similarly have no significant effect on oxygen uptake, 
but cause an elevation of the R. Q. Succinate, on the other hand, raises 
the oxygen uptake but has no effect on R. Q. The presence of pyruvate 
increases the rate of oxygen uptake and causes an increase in R. Q. to 
1.55, a value higher than the calculated R. Q. for the oxidation of py- 
ruvate. The addition of malonate inhibits the oxygen uptake, a finding in 
agreement with the known effect of this substance on reactions of the tri- 
carboxylic acid cycle. In general, the experiments indicate that the sub- 
stances studied are actively metabolized by the tissue. 

The finding that the respiratory quotients of adipose tissue with glucose 
or pyruvate as substrate are higher than the calculated values for complete 
oxidation of the substrates suggests that synthesis of fat takes place. The 
actual demonstration of fat synthesis in vitro by adipose tissue was ac- 
complished by Shapiro and Wertheimer (4), who observed an incorpora- 
tion of deuterium oxide into the fatty acids of the tissue. 

In general the experiments are in accord with recent conceptions of the 
metabolic functions of adipose tissue. In addition to functioning as a 
fat depot, it appears to be metabolically active and carries out a number 
of catabolic and synthetic reactions. 


Effect of Insulin on Oxygen Uptake and R. Q. of Adipose 
Tissue in Presence of Various Substrates 


The results of experiments in which the effect of insulin on respiration — 


of adipose tissue was studied are recorded in Table II. It was found 
that insulin increased the oxygen uptake of adipose tissue in the presence 
of glucose, succinate, lactate, pyruvate, and, to a somewhat lesser extent, 
acetate. In no case did insulin raise the R. Q., and, in the presence of 
pyruvate, the R. Q. was actually depressed by insulin. The effects of 
insulin on oxygen uptake were striking and easily reproducible. The fact 
that in the absence of added substrate insulin had no effect on oxygen 
uptake indicates that the effect of insulin in these experiments is a reflec- 
tion of an effect on the metabolism of the added substrates. This has 
been verified by actual chemical determination of substrate utilization in 
the case of pyruvate, as shown in Table ITI. 

Oxygen uptake, R. Q., and pyruvate utilization were determined in 
each experiment. It is seen that the effect of insulin on the oxygen uptake 
and R. Q. is accompanied by an increased utilization of pyruvate. The 
increase in oxygen uptake corresponds to a calculated increase in pyruvate 
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utilization of 1.01 uM per gm. per hour, which is close to the experimentally 
determined value of 1.24 um per gm. per hour. 


Taste Il 


Effect of Insulin on Oxygen Uptake and Respiratory Quotient in Vitro of 
Retroperitoneal Adipose Tissue from Normal Rats 


Insulin effects® 
Substrate a a Oxygen uptake Respiratory quotient 
| | Mean + 5.¢.m. N Mean + $.¢.m. 
| por cout 
21 +6 + 5.0 17 +0.038 + 0.044 
Glucose... .... «10 10 0.082 
Succinate... | 10 18 | +27 + 4.5t 17 —0.09 + 0.062 
10 12 +23 + 8.9f ll —0.038 + 0.085 
6 19 +25 + 3.3f 0.041F 
10 18 +11 + 4.5f 18 —0.05 + 0.086 
Malonate........... 13 8 +44 8.3 8 +0.13 + 0.098 
Malonate..._. 10 
+ 30 1 +21 + 10 +0.15 + 0.004 


= The ineulin effects are the differences (means + sem.) of paired samples equili- 
brated with and without insulin. 
t Significantly different from zero as judged by Fisher’s ¢ test. 


Taste III 
Effect of Insulin on Oxygen Uptake, R. Q., and Pyruvate Utilization of Retroperitone”l 
Adipose Tissue from Normal Rats 
60 minutes equilibration at 38°. Medium contains 10 um of pyruvate in 1.5 ml. 
Oxygen uptake, R. Q., and pyruvate utilization determined in each experiment. 
Guygen uptake, por wet gm. per | Respiratory quotient Pyruvate per wet 
N No insulin Insulin effect® Noinsulin Insulin effect* No insulin “Insulin effect® 
14 12.9 +2.52 10 1.46 —0.11 i 14.9  +1.24 
+1.43 +0.55t +0.074 +0.015T +2.00 +0.44f 


* The insulin effects are the means (+ s.e.m.) of increase (or decrease) of the 
experimental value over the paired control without insulin. 
t Significantly different from zero as judged by Fisher's ¢ test. 


The effects of insulin on oxygen uptake were found with three different 
types of insulin preparations: Lilly amorphous insulin, Lilly iletin (iso- 
electrically precipitated), and a special preparation of Zn insulin assaying 
29 units of insulin per mg., obtained from the Lilly Research Laboratories 
and free of the glycogenolytic factor of the pancreas. 
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Alkali-inactivated insulin had no effect on oxygen uptake in the presence 
of succinate. The concentration of insulin in the present experiments 
was | unit per ml. However, no decrease in the insulin effect was found 
in experiments with succinate as substrate when the concentration of in- 
sulin was decreased to 0.1 unit per ml. With 0.01 unit of insulin per ml. 
no significant effect was observed. 

Effects of insulin on oxygen uptake were also obtained with preparations 
minced with scissors, but not when the tissue structure had been broken 
up by homogenization. We have repeatedly emphasized (14) that effects 
of insulin can be readily demonstrated in vitro when intact tissue prepara- 
tions are used. When the cellular structure is disrupted, as in homo- 
genates, effects of insulin can no longer be obtained, as we have 
demonstrated with adipose tissue as well as with other tissues. The 


nature of the metabolic activity of the homogenates was quite different | 


from that of the preparations containing predominantly intact cells. Al- 
though the oxygen uptake was fairly high, the respiratory quotient was 
much lower than that of intact tissue. 

The results of the present experiments differ in one respect from the 
observations of Krebs and Eggleston (8) on the respiration of pigeon breast 


muscle mince. In this tissue the effect of insulin on oxygen uptake is — 


only apparent after a considerable period of time and consists essentially 
of a preservation of the initial rate. In the experiments reported here, 
the effect of insulin is apparent at the very beginning of the experiment, 
and there is, therefore, an actual acceleration of the initial rate of oxygen 
uptake. 

Since the effect of insulin is found in the presence of different substrates 
but not in the absence of added substrate, it seems likely that insulin is 
concerned with the regulation of some reaction common to the metabolism 
of the several substrates studied. One possibility is that insulin influences 
reactions involved in the coupling of oxidation and phosphorylation. It 
does not appear that the hexokinase reaction can be the site of the action 
of insulin in this tissue, since the effects on oxygen uptake are obtained 
with several substrates other than glucose. 

Insulin did not raise the R. Q. in any of the experiments, in contrast to 
the findings with mammary gland tissue in which the most striking effect 
was the large increase in R. Q. (11). There is therefore no indication 
that insulin accelerates fat synthesis in adipose tissue, as it has been shown 
to do in the case of liver slices (15). The answer to this problem must 
await the results of investigations by means of tracer techniques. 


Chemical Combination of Insulin with Adipose Tissue 
Experiments were reported from this laboratory (13) which showed that 
insulin rapidly combines with structures of intact cells and in combined 
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form alters the metabolic pattern of the tissue. This phenomenon is 
demonstrated as follows: Isolated rat diaphragm is equilibrated in a 
preliminary period (10 seconds or more) in a medium containing insulin 
and then thoroughly washed. The presence of combined insulin is shown 
by the extra glycogen synthesis compared to controls, which is observed 


Taste IV 
Chemical Combination of Insulin with Retroperitoneal Adipose Tissue from Normal 
Rats 


5 in 1 unit insulin in 25 
3 washings medium for 30 sec. each. 


oO containing 0.4 per cent glucose. All 
Oxygen uptake, um per wet gm. per hr. 
Experiment No. 
No insulin Pretreated with insulin Insulin effect 

1 4.7 5.6 +0.9 

2 4.9 6.6 +1.7 

3 6.0 6.1 +0.1 

4 9.2 10.0 +0.8 

5 15.2 17.2 +2.0 

6 9.4 10.8 +1.4 

7 7.1 8.3 +1.2 

8 7.9 10.2 +2.3 

9 7.5 8.3 +0.8 
Average..... 8.0 + 1.06 9.2 + 1.17 +1.24 + 0.228* 


s No insulin Pretreated with insulin Insulin effect from paired 
Mean + 5.e.m. Mean + 5.¢.m. Mean 6.0m. 
19 5.8 + 0.41 6.4 + 0.45 +0.64 + 0.200f 


* Significantly different from zero, ¢ = 5.4, P <0.001. 
t Significantly different from zero, ¢ = 3.2, P = 0.01 to 0.001. 


when the diaphragm is subsequently equilibrated in a medium containing 
glucose but no added insulin. 

The experiments reported in Table IV show that an exactly similar 
phenomenon is demonstrable in the case of adipose tissue from the rat, 
since preequilibration with insulin, followed by thorough washing, is suf- 
ficient to demonstrate subsequently an increased oxygen uptake compared 
to controls not exposed to insulin. 

The fact that this chemical combination of insulin has now been demon- 
strated with three quite different tissues, viz. diaphragm (13), lactating 
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mammary gland slices (16), and adipose tissue, lends considerable weight 
to the concept that combination of insulin with structural elements of 
tissue is a prerequisite for physiological action. In the case of the rat 
diaphragm the combination or the subsequent action of the combined 
insulin was shown to be markedly influenced by the endocrinological state 
of the animal (17). Whether this is true for mammary or adipose tissue 
is an important question for further experiments. 


SUMMARY 


1. The metabolism of retroperitoneal adipose tissue from rats fasted 
24 hours has been studied in vitro by manometric methods. It has been 
found that the addition of insulin in vitro increases the oxygen uptake of 
this tissue in the presence of glucose, lactate, succinate, pyruvate, or 
acetate. Insulin decreased the R. Q. in the presence of pyruvate, but 
had no effect with the other substrates studied. 

2. Insulin has been shown to combine chemically with retroperitoneal 
adipose tissue in a manner similar to that with rat diaphragm. This 
finding strengthens the concept that the combination of insulin with 
tissue is a prerequisite for insulin action. 
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CONCENTRATIVE UPTAKE OF AMINO ACIDS BY 
ERYTHROCYTES IN VITRO* 


By HALVOR N. CHRISTENSEN, THOMAS R. RIGGS, anv 
NANCY E. RAY 
(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, June 22, 1951) 


In spite of the small anabolic activity of the mature erythrocyte with 
regard to amino acids, the concentrative uptake of amino acids by this 
cell has been investigated because of the possibility that the process here 
might be particularly accessible to study. The nucleated erythrocyte of 
the duck is known to incorporate labeled glycine into heme in vitro (1). 
This activity persists after storage of blood in the cold. Previous obser- 
vations on the distribution of amino acids between plasma and erythro- 
cytes have emphasized the unususiiy low cellular levels and, with one 
exception (2), the sluggishness of the response of the cellular level to changes 
in the extracellular (3-6). The present study shows that several amino 
acids are taken up by the erythrocytes of the duck and man against con- 
centration gradients. The concentration process appeared, however, to be 
atypical in its relative insensitivity to anoxia and to inhibitors of respira- 
tory metabolism. 

EXPERIMENTAL 


Blood was collected by heart puncture from female white Pekin ducks 
which had been fasted 16 hours. The blood was treated with heparin, 
and a measured portion centrifuged at once at 38° to provide reference 
analyses. In most cases 4 ml. of blood were added to 6 ml. of saline 
(sodium chloride 124, calcium chloride 5, and sodium bicarbonate 25 m.eq. 
per liter) containing glycine estimated to give an extracellular level of about 
0.8 mo after incubation. In other cases the amino acid was added in a 
very small volume of solution to whole blood; in still others the plasma 
was replaced entirely with about 4 times its volume of saline. The cell 
suspensions were shaken, ordinarily 2 hours, at 38° in an atmosphere of 5 
per cent carbon dioxide and 95 per cent oxygen. The cells were then sepa- 
rated by centrifuging at 3500 r.p.m. at 38° for 15 minutes in tared nitro- 
cellulose tubes. The supernatant fluid was removed by a medicine dropper; 
narrow pointed strips of filter paper were touched to the surface of the cell 

* This investigation has been supported in part by grants from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, and the Abbott Laboratories. 
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layer to soak up the last portions of plasm», The contamination with leu- 
cocytes and the presence of perhaps 2 per cent of plasma in the cell mass 
were ignored as small and reasonably constant sources of error. The cells 
were weighed and extracted with 10 ml. of saturated picric acid per gm. of 
cells; the mixture was shaken well after the addition of 1 or 2 ml. of picric 
acid. The suspending fluid was deproteinized with 2 to 5 parts of picric 
acid, depending upon its plasma content. 

Glycine arlalyses were made by the method of Alexander, Landwehr, 
and Seligman (7) under the conditions described elsewhere (8). Alanine 
was determined by the method of Alexander and Seligman (9) with the 
following changes: Conventional 50 ml. round bottom flasks and West 
condensers fitted with 24/40 standard taper joints were used. The air 
inlet tube extended through the condenser to the bottom of the boiling 
flask. Otherwise the apparatus was like the original (9). The buffered 
tissue extract was refluxed with aeration 30 minutes before ninhydrin was 
added, to remove acetaldehyde formed by the action of heat. Then bi- 
sulfite was placed in the collecting tube, cooled by an ice bath, and 0.5 ml. 
of 2 per cent ninhydrin were added through the air inlet tube without 
interrupting the boiling. A second addition of 0.2 to 0.5 ml. ninhydrin 
was made after 30 minutes. Three such apparatus were operated on one 
electric hot-plate with a Wood’s metal bath. The analyses were made in 
triplicate. 

The chromogenic reaction for acetaldehyde was carried out at room 
temperature rather than at 37° as proposed by Alexander and Seligman. 
The optical densities were read on a Beckman spectrophotometer with a 
suitable slit width (0.04 mm. with our instrument) at wave-lengths of 572 
and 530 mu. The maximum for the color due to alanine was at 572 my, 


and for the color due to leucine at 557 mu, although the optical density — 


with leucine was less than one-sixth as great on a molar basis. The wave- 
length 530 my was selected to give the same optical density with leu- 
cine as at 572 my; under these conditions the optical density difference 
(Es:2 — Es) was directly related to the alanine concentration. Spectral 
transmission curves for the pigments obtained with extracts of plasma, 
erythrocytes, and various tissues did not show the presence of other chro- 
mogens; the leucine correction was never more than 15 per cent. 

The glutamic acid determinations were made on trichloroacetic acid 
filtrates by the method of Prescott and Waelsch (10-12) by Miss Marcia 
L. Rafn. a-Amino acid nitrogen was determined by the manometric nin- 
hydrin method after cyclization of glutamine by heat (13). All amino 
acid concentrations were calculated in mm per kilo of water. The duck 
erythrocytes contained 63 per cent water; the human cells were taken to 
be 68 per cent water. 
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Results 
ASS Nucleated Red Cells—The freshly isolated erythrocytes of the duck con- 
lls tained 3 to 5 times as high glycine concentrations (about 2 mM) as the 
of | plasma (see Tables I and II). Other amino acids than glycine and glu- 
Tic 
ric TaBLe I 
Concentrative Uptake of Glycine by Duck Erythrocytes 
hr, | The incubation period was 2 hours. Glycine concentrations in mm per kilo of 
™ water. The symbols [Gly], and [Gly]. represent the final glycine concentrations 
~ in the extracellular fluid and the cells respectively. The results of this experiment 
ve are illustrative of several related experiments. 
air Glycine distribution 
a 
red | | ine | 
yas incubation incubation 
incubated alone. 0.43 1.91 4.45 
ut “with glycine alone..... 1.06 | 0.84 | 2.34 | 2.80 | 1.56 
rin ee “ gly cine-contain- 
me ing saline . 1.01 0.91 2.36 2.60 1.36 
in Cells incubated with glycine-contain- 
1.00 | 0.91 2.62 | 2.87 | 1.89 
om 
Taste II 
- Effect of Refrigeration on Glycine Distribution between Duck Erythrocytes and 
79 Suspending Fluid 
"a | The concentrations are expressed in mm of glycine per kilo of water. 
| G 
ity | gs criment | [Glycine] 
ve- ‘Fluid Cells 
ice 10 Fresh blood, no incubation | 0.49 2.18 4.45 
ral Stored at 5°, 21 hrs. «0.68 1.79 | 2.64 
na, Subsequently incubated with glycine and | 0.76 2.74 3.62 
saline, 2 hrs. at 38° 
ae Fresh blood incubated directly under same _ 0.73 2.73 | 3.74 
conditions 
cid | 13. | Fresh blood, no incubation 0.45 1.99 4.41 
cia Stored at 5°, 47 hrs. 0.61* 1.62 
in- Subsequently incubated with glycine and | 0.88 2.30 2.62 
: saline, 2 hrs. at 38° 
= Fresh blood incubated under same condi- 0.81 2.62 3.24 
ick tions | 
* Calculated value. 
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tamine showed an average distribution ratio (cells to plasma) of about 3. 
For alanine the ratio was about 1.6. Most, if not all, of the glycine of 
these cells could be extracted by saline solutions, although the extraction 
was slow. Six washes of 20 volumes each removed only 60 per cent of 
the glycine (Fig. 1), but each successive wash contained glycine at low 
concentration, with no evidence of approach to a limit of extractability. 
In another experiment (Fig. 1) 91 per cent of the glycine was extracted in 
four washes during 28 hours. No evidence of non-diffusible forms of ana- 
lytically free glycine or alanine could be detected by equilibrium dialysis 
of hemolysates (by freezing and thawing) of human and duck erythro- 
cites (Table ITI). 
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0 4 6 2 6 20 24 2 
TIME OF WASHING, HOURS 
Fic. 1. Extractability of glycine from duck erythrocytes. X, six | hour washes, 


20 volumes each, with NaCl-CaCl.-NaHCO, medium. ©, four washes, 5, 5, 11, and 
7 hours, with 100 volumes each. The curve has been drawn by inspection. 


When fresh duck erythrocytes were shaken in medium initially contain- 
ing about 1 mm» glycine (as against the average plasma level of about 0.4 
mM), the cells took up the glycine rapidly, coming to equilibrium in less 
than | hour, until the increase in the cellular level was 1.4 to 2.6 (average 
1.9) times as great as the increase in the extracellular level (see Tables I 


and II). Similar results were obtained whether glycine was added to — 


whole blood or the plasma extended or entirely replaced with glycine- 
containing saline solutions (Table I). The glycine added to the systems 
was very satisfactorily recovered; formation of new glycine or disappear- 
ance of free glycine was not appreciable. The uniformity of the recovery 
of glycine spoke for the validity of the analytical procedure. The uptake 
of glycine was maximal in the neighborhood of 38° (Fig. 2); much lower 
distribution ratios were obtained at 1°, 25°, and 50°. When blood was 
refrigerated overnight, glycine passed from the cells to the plasma, but 
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when the blood was afterward incubated the glycine reentered the cells, 
and added glycine was taken up about as well as before (Table II). Cells 


Ill 
Distribution of Glycine and Alanine between Lysed Erythrocytes and Sodium 
Chloride Solutions across Cellophane Membranes 
Fresh erythrocytes were hemolyzed by freezing and thawing twice, then weighed 
into a cellophane bag, and dialyzed with agitation against an approximately equal 
volume of 0.9 per cent sodium chloride, for 22 to 24 hours at room temperature. The 
water content of the dialyzed hemolysate was determined by weight loss at 110°. 
Similar results were obtained in unreported experiments with duck erythrocytes 
dialyzed against either sodium or potassium chloride. The results represent mm 
per kilo of water. 


Inside bag Outside bag 
Human | Glycine 0.48 0.49 
Alanine 1.17 1.16 
Duck | Glycine | 1.45 1.40 
Alanine | 0.98 1.02 
2.0F 
z 
> 
a 
Z 
Y 
> 
LY 


TEMPERATURE, °C 
Fic. 2. The effect of temperature upon uptake of glycine by duck erythrocytes 
against a gradient. 


from which the glycine had been extracted took up glycine again when 
placed in glycine-containing solutions. 

Fig. 3 illustrates the curvilinear relationship observed between cellular 
and extracellular glycine levels. Stern, Eggleston, Hems, and Krebs (14) 
observed.a constant gradient in the accumulation of glutamate by slices of 
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brain cortex at high glutamate levels. At 1 mm extracellular glycine levels 
and up the glycine gradient here was nearly constant at 1.4 mm. If the 
gradient continued to be constant as the amino acid level was lowered, 
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Fic. 3. The relation between the glycine level of duck erythrocytes and the 
suspending fluid. The curve has been drawn by inspection. 


Tasie IV 
Effect of Oxygen Exclusion on Uptake of Glycine by Duck Erythrocytes 
Blood samples equilibrated with N:-CO, for 30 minutes before glycine addition. 
In Experiment 28, the blood was first treated with carbon monoxide to displace 
oxygen before treatment with N.-CO,. The blood was subsequently centrifuged 
without exposure to air. The glycine concentrations are in mm per kilo of water. 
Agreeing results were obtained in two unreported experiments, one with Krebs- 


Ringer-phosphate medium, in which oxygen and nitrogen atmospheres were com- 


[Glycine] 
Fluid Cells 
26 95% 02-5% CO» 0.78 2.36 1.52 
95% N2-5% 0.76 2.27 1.39 
28 95% 02-5% “ 0.74 2.25 2.56 
95% N2-5% “ 0.79 2.03 1.73 


there would be 1.4 mm glycine remaining in the cell when there was none 
outside. This was not the case (Fig. 3). On the other hand neither could 
the distribution ratio (15) be considered constant except perhaps below 
0.3 mm. To study glycine distribution at subnormal levels, much of the 
glycine was first extracted from the cells, and the uptake then observed 
upon glycine addition. This procedure was preferred because of the slower 
approach to equilibrium by outward transfer. ‘ 
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The effect of the presence of a number of substances on glycine uptake 
was studied. In experiments in which oxygen was excluded, the glycine 
uptake was not quite as large as with the parallel samples in oxygen and 


TaBLe V 
Effect of Various Enzyme Inhibitors on Glycine and Alanine Uptake by Duck 
Erythrocytes 

All blood samples were treated with 1.5 volumes of NaCl-NaHCO,-CaCl, con- 
taining glycine, except in Experiments 25 and 27 in which the plasma was replaced 
with 4 volumes of saline. All samples were incubated for 2 hours at 38°. The sym- 
bols [Aa]. and [Aa], refer to the final amino acid concentrations (glycine or alanine) 
of the two phases in mm per kilo of water. The effects of each agent except copper 
were confirmed by additional unreported experiments. 


Esperiment Incubation with (Asly | 
6 Saline + glycine only 0.82 2.62 1.69 
+ 3mm KCN 0.94 2.74 1.53 
7 Saline + glycine only 0.78 2.36 2.02 
+ 10 mu KCN 0.81 2.30 1.62 
24 Saline + glycine only 0.79 2.30 1.56 
+ 10 mu NaCN 0.96 2.52 1.46 
+2 mo dinitrophenol 0.85 2.48 1.76 
+ 50 mg. % phloretin phosphate 0.83 2.50 1.91 
25 Saline + glycine only 0.79 2.40 2.58 
+ 50 mg. % phloretin phosphate 0.85 2.08 1.48 
Ca-free medium 0.81 2.41 2.47 
+ 20 mm sodium fluoride, Ca-free 0.81 2.38 2.38 
26 Saline + glycine only 0.78 2.36 1.52 
+ 2 mo dinitrophenol 0.78 2.42 1.67 
+ 10 mM potassium arsenate 0.75 2.46 1.89 
27 Saline + glycine only 0.70 2.49 2.56 
+ 0.1 mM copper sulfate 0.77 2.36 1.72 
Al Saline + L-alanine only 1.43 2.31 1.10 
+ pL-alanine 1.52 2.43 1.14 
‘* + L-alanine + 10 mu CN- 1.32 2.38 1.48 
A2 Saline + L-alanine only 1.54 1.75 0.85 
+ 5 mM azide 1.45 2.19 2.0 
+ 50 mg. % phloretin phosphate 1.71 2.30 1.4 


carbon dioxide, but was about as large as the average of samples in oxygen 
and carbon dioxide (Table IV). The concentrative process was remark- 
ably insensitive (Table V) to cyanide (up to 10 and 20 mM), 2,4-dinitro- 
phenol (2 mm), arsenate (10 ma), fluoride (20 mm), phloretin phosphate 
(50 mg. per cent), cupric ion (0.1 mM), and sodium azide (5 mM, observed 
with alanine, Table V). Diczfalusy, Ferng, Hggberg, Linderoth, and 
Rosenberg (16) have shown phloretin phosphate to be a much more active 
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Tasie VI 
Potassium Inhibition of Glycine and Alanine Uptake by Duck Erythrocytes 
Blood added to 1.5 parts of saline solution, except that when 140 mm K* was 
studied the plasma was replaced by 4 parts of saline. The incubations were for 2 
hours at 38°. The glycine concentrations are expressed in mm per kilo of water. 
Comparable results were obtained in an unreported experiment at 82 m.eq. of K* 
per liter. 


Amino acid distribution 
usual medium & In high medium 
| | | | 
Fluid Cells Fluid Cells | [Aaly 
Glycine so 0.82 | 2.62 1.60 0.85 243 
120 0.78 2.36 2.02 0.84 | 1.91 0.28 
1400.70 | 2.49 2.56 0.82 21.27) 
Alanine 1.44 2.30 1.1048 2.08.71 
14000 «1.547585 


Taste VII 
Uptake of Alanine and Glutamic Acid by Human Erythrocytes 
In Experiments 1, 3, and 5 the suspending fluid was plasma; in Experiments 2 
and 4 the plasma had been extended with 3 parts of NaCl-CaCl,-NaHCO,;. Amino 
acid concentrations are in mM per kilo of water. Experiment 5 concerns glutamic 
acid, the others alanine. Similar experiments with glycine, showing no inhibition 
by cyanide, dinitrophenol, cupric ion, and phloretin phosphate, are not recorded. 


Amino acid distribution 4 [Aale 
No. 
Fluid Cells 
1 Nothing 0.51 0.82 
L-Alanine 1.29 1.71 1.14 
pL-Alanine 1.88 1.33 0.37 
2 Nothing 0.36 0.55 
L-Alanine 1.32 1.43 0.91 
Same, 105 m.eq. K* 1.31 1.43 0.92 
+ 20 m.eq. CN~ 1.40 1.43 0.84 
** 100 m.eq. HCO; 1.40 1.43 
3 Nothing 0.36 0.57 | 
L-Alanine 1.46 1.61 | 0.94 
Same in N.-CO, 1.34 1.46 0.91 
pi-Alanine 1.39 1.16 0.57 
| «2.31 1.64 0.55 
4 Nothing 0.76 | 
_L-Alanine 1.16 1.31 | 0.84 
Same + phloretin phosphate, 1.11 1.26 0.83 
37.5 mg. % 
Same + 20 mM pyruvate 1.09 1.30 0.93 
5 Nothing 0.108 0.380 
0.553 


L-Glutamic acid 0.260 
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inhibitor of kidney alkaline phosphatase than phlorhizin. Wilbrandt (17) 
found that this phlorhizin derivative inhibited the transfer of glucose 
across the red cell boundary. This inhibitor was provided through the 
generosity of Dr. Rosenberg. 

Potassium ion at 80 mm or higher concentrations was distinctly inhibi- 
tory to glycine and alanine uptake, the potassium replacing a correspond- 
ing part of the sodium in the suspending fluid (Table VI). The transfer 
of alanine was stopped, the cell level remaining below the extracellular. 
The concentration of alanine in the duck erythrocytes normally was only 
about 1.6 times as high as in the plasma, but the uptake again was not 
inhibited by cyanide, azide, or phloretin phosphate (Table V). 

Human Erythrocytes—Human red blood cells contained about 1.6 times 
as much glycine, 1.6 times as much alanine, and 3 times as much glutamic 
acid as the plasma. Doubling or trebling the plasma concentration of one 
of these amino acids led to uptake of the amino acid by the cells. The 
ratios of the increase in the cell concentration to the increase in the plasma 
concentration were more than 1 for alanine and glutamic acid (Table VII), 
but for glycine ratios of only about 0.6 were observed. Cyanide, anaero- 
biosis, and phloretin phosphate failed to inhibit the uptake of glycine and 
alanine (Table VII) by human erythrocytes. pi-Alanine was taken up 
as well as L-alanine by duck erythrocytes, but human erythrocytes ap- 
peared not to take up the p form (Table VII). 


DISCUSSION 
Not only is the concentrative activity of erythrocytes for amino acids 
rather weak when compared with the activity of other cells, but the in- 
sensitivity to anoxia and respiratory inhibitors is in strong contrast with 
what has been observed for brain (14), diaphragm (15), certain bacteria 


— (18), and carcinoma cells (19). This contrast recalls the difference in the 


assimilation of lysine, on the one hand, and of glutamic acid, on the other, 
by Streptococcus faecalis, as observed by Gale (18). Lysine uptake, al- 
though against large gradients, appeared to be a diffusion process, not being 
inhibited by cyanide, fluoride, or arsenate, and having a low temperature 
coefficient. Glutamic acid uptake, on the other hand, appeared to depend 
on energy production and showed a high temperature coefficient. Gale 
attributed the uptake of lysine to the difference in the charge on the mole- 
cule and the charge on the bacterial cell. This explanation does not seem 
to be as satisfactory in the case of glycine, which has no net charge. The 
sensitivity of glycine concentration to temperature suggests enzyme par- 


ticipation, in spite of the apparent lack of direct dependence upon respi- 


ration. 
Our results with these cells, and with mouse ascites carcinoma cells (19), 
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show that neither the amino acid gradient nor the distribution ratio is 
constant over wide concentration ranges. We have preferred to calculate 
the distribution ratio because this value is probably more closely related 
to the energy requirement of the concentrative process. It is not implied 
that a lower distribution ratio means a lower concentrative activity except 
when the observations are made at similar extracellular amino acid levels. 

The sensitivity of amino acid concentration to extracellular potassium 
levels seems to us very significant, suggesting that the phase boundary 
separating high and low potassium levels is the same as that separating 
high and low amino acid levels. The inverse relation has now been shown 
with the Ehrlich mouse ascites carcinoma cell (19); not only did a high 
extracellular potassium level cause the loss of glycine from the cell, but 
a high extracellular glycine level, leading to large glycine gradients, caused 
the loss of potassium from the cells. 

Borsook, Deasy, Haagen-Smit, Keighley, and Lowy (20) recently re- 
ported very active incorporation of labeled leucine into protein by rabbit 
reticulocytes; the mature erythrocytes were inactive in this respect. Azide 
and arsenate (1 mM) were almost without effect on the incorporation of 
leucine. We have observed that rabbit reticulocytes concentrate glycine 
actively (21), the process being little affected by azide and arsenate at 
1 mo levels. The concentrative activity was no longer present in mature 
erythrocytes. A parallelism is evident between the concentrative process 
and protein synthetic activity, both as to their presence or absence and 
as to their insensitivity to certain inhibitors. 


SUMMARY! 


1. The nucleated red blood cells of the duck contained 3 to 5 times as | 
high concentrations of apparently free glycine as the plasma. A major | 


part of this glycine diffused out if the cells were washed repeatedly with 
saline solutions. Added glycine was taken up by the cells from the sus- 
pending fluid. The uptake was maximal at about 38°; much lower distri- 
bution ratios were obtained at 25° or 50°. 

2. The relation between extracellular and cellular glycine levels was 
shown to be curvilinear. At high extracellular levels the glycine gradient 
tended to be approximately constant at 1.4 mm. The ratio of the cellular 
to the extracellular concentration decreased with increasing glycine levels 
at extracellular glycine levels above 0.3 mm. 

3. The uptake of glycine by the cells after the addition of more extra- 
cellular glycine was scarcely affected by anoxia, cyanide, dinitrophenol, 
arsenate, fluoride, cupric ion, or phloretin phosphate. The assimilative 
process was strongly inhibited when half or more of the sodium in the 
medium was replaced by potassium. 
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4. Concentrative uptake of alanine by duck erythrocytes and of glycine, 
t-alanine, and L-glutamic acid by human erythrocytes was shown. DL- 
Alanine was taken up as well as L-alanine by duck erythrocytes, while hu- 
man erythrocytes apparently did not take up the p form. Insensitivity 
to respiratory inhibitors was also observed with human erythrocytes. 
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CONCENTRATING ACTIVITY OF RETICULOCYTES 
FOR GLYCINE* 


By THOMAS R. RIGGS, HALVOR N. CHRISTENSEN, anv 
IRENE M. PALATINE 
(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, July 6, 1951) 


An unusual feature of the concentrating activity of erythrocytes for 
amino acids is the almost complete insensitivity of the process to oxygen 
exclusion or to the presence of various inhibitors of respiratory metabo- 
lism (1). Our attention was directed to reticulocytes by a report by 
Borsook, Deasy, Haagen-Smit, Keighley, and Lowy (2). They observed 
very rapid incorporation of labeled leucine into proteins by rabbit reticu- 
locytes; the process was only partially inhibited by anaerobiosis, and little, 
if at all, by arsenate and azide. The present communication reports the 
finding of much steeper glycine gradients with rabbit reticulocytes than 
for mature rabbit erythrocytes, and also an appreciably greater sensitivity 
of the concentrative process in reticulocytes to cyanide, arsenate, and 
2,4-dinitrophenol. 


Methods 


Rabbits weighing about 2.5 kilos, maintained on Purina rabbit chow 
and carrots, were given on alternate days 33 mg. of phenylhydrazine 
hydrochloride subcutaneously (3), 15 y of vitamin By intramuscularly, 
and 5 mg. of folic acid by mouth. Blood was taken by cardiac puncture 
during the 2nd or 3rd week of treatment, when about 90 per cent of the 
red blood cells showed the reticulocyte morphology. Normal animals were 
maintained under similar conditions. Food was removed from the cages 
about 3 hours before bleeding. The blood was extended at once with 1 
volume of a saline solution (sodium chloride, sodium bicarbonate 25 mM, 
calcium chloride 2.5 mm, and inhibitor to a total concentration of 154 mM, 
plus glycine). After 2 hours of incubation with agitation at 38° in 95 per 
cent O-5 per cent CO», the cells and plasma were separated and analyzed 
for glycine (1). The concentrations in each case were calculated in mm 
per kilo of water. The reticulocytes contained 74 per cent water, the nor- 
mal erythrocytes, 68 per cent. 

* This investigation was supported in part by grants from the National Cancer 


Institute of the National Institutes of Health, United States Public Health Ser- 
vice, the Abbott Laboratories, and the American Academy of Arts and Sciences. 
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RESULTS AND DISCUSSION 


The results are presented in Table I. The glycine concentrations of 
the normal blood cell population of the rabbit were equal or slightly less 
than those of the plasma, and the uptake was unaffected by the presence 
of 2 mm 2,4-dinitrophenol or 10 mm sodium cyanide. The latter behavior 


I 
Comparison of Reticulocytes and Mature Erythrocytes As to Concentrative 
Inhibitors 
Experiment 7 was made on the same animal as Experiment 2, 11 days after dis- 
continuation of phenylhydrazine treatment, when only 5 per cent of the blood 
cells remained at the reticulocyte stage. All samples except those marked ‘fresh 
blood”’ were incubated 2 hours at 38°. Glycine is expressed in mm per kilo of water. 
[Gly], and [Gly], represent the final glycine concentrations in mm per kilo of water 
in extracellular fluid and cells respectively. 


Eset of Gly | 4 [Glyk 
per cent 
1 | 8 Fresh blood 1.32 6.11 | 4.70 
2 | 88 1.87 | 7.30} 3.90 
Incubated with saline and gly- | 2.50/ 10.0 | 4.00 | 4.3 
cine 
Same + 2 mm dinitrophenol 2.92 | 8.86) 3.03 | 1.5 
+10 “ KH,As0, 2.74 | 7.36) 2.68 | 0.08 
+10 “ NaCN 3.04 | 7.30] 2.40 | 0.00 
“« +650 “ glycine 59.0 | 62.6 | 1.06 | 0.97 
Fresh blood 2.25 | 6.75 | 3.00 
‘| Incubated with saline and gly- | 2.78 | 8.07 | 2.90 | 2.4 
cine 
Same + 1 mm NaN; 2.70; 9.21 | 3.42 | 5.5 
+1 “ KH,As0, 2.64 | 8.80] 3.33 | 5.1 
“« +1 “ NaCN 2.83 | 7.21] 2.56 | 0.74 
+41 “ dinitrophenol 3.15 | 8.65] 2.74 | 2.1 
4 | Normal | Fresh blood 1.50} 1.13 | 0.75 
Incubated with saline and gly- | 3.53; 2.98 | 0.85 | 0.91 
cine 
Same + 2 mm dinitrophenol 3.62 | 3.10; 0.85 | 0.93 
+10 “ NaCN 3.32 | 2.78 | 0.84 | 0.91 
5 Fresh blood 1.58 | 1.42) 0.90 
Incubated with saline and gly- | 2.94; 2.80/ 0.96 | 1.02 
cine 
Same + 2 mm dinitrophenol 3.08 | 0.93 | 0.95 
+410 “ NaCN 2.82 | 2.58 0.92 | 0.94 
6 Fresh blood 1.08 | 1.29) 1.20 
7 5 2.12; 2.14 1.02 
Incubated with saline and gly- | 3.06 3.22 1.05 1.1 
cine | 
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is like that of human and duck erythrocytes, although the human erythro- 
cyte shows a moderate, and the nucleated duck erythrocyte a substantial, 
gradient for glycine with respect to the plasma levels. In contrast to the 
normal mature cells, rabbit reticulocytes contained 3 to 5 times as high 
concentrations of glycine as the plasma. In one case (Experiment 7) the 
reticulocytes were permitted to mature after discontinuation of phenyl- 
hydrazine treatment. The concentrative activity disappeared. 

The uptake of glycine by reticulocytes was inhibited but not entirely 
eliminated by 2 mm dinitrophenol or by 1 mM cyanide, although it was 
eliminated by 10 mm cyanide. Whereas arsenate was inhibitory at 10 mm 
concentration, no effect was evident at 1 mm. 1 mM azide was also with- 
out effect. These responses are similar to those reported by Borsook et al. 
(2) for the incorporation of labeled amino acids into proteins by reticulo- 
cytes, except that the effect of cyanide was not reported in their prelimi- 
nary communication. On the other hand the concentrative process in 
these cells was distinctly more sensitive to dinitrophenol, cyanide, and 
arsenate than in mature erythrocytes of various species. 

The present study emphasizes the association between amino acid con- 
centrative activity and protein synthetic activity of cells, in two respects. 


(1) At the reticulocyte stage, when the rabbit erythrocyte shows high 


rates of leucine incorporation into protein (2), there is considerable con- 
centrative activity; at maturity, when no incorporation of amino acid into 
protein can be shown (2), glycine concentrative activity has been lost. 
(2) The inhibitory action of arsenate, azide, and dinitrophenol on the two 
processes is parallel. 

SUMMARY 


1. Rabbit reticulocytes contained 3 to 5 times as high glycine levels as 
the plasma, and they took up glycine against concentration gradients. 
Mature rabbit erythrocytes no longer possessed any concentrative ability 
for this amino acid. ; 

2. In contrast to the behavior of mature erythrocytes of various species 
the concentrative process in the reticulocyte was inhibited by high concen- 
trations of cyanide, arsenate, and dinitrophenol. The sensitivity observed 


~ to several inhibitors was nearly parallel to that which was reported previ- 


ously for the incorporation of labeled amino acids into proteins by rabbit 
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A variant of the Ehrlich breast carcinoma of the mouse was discovered 
in 1932 by Loewenthal and Jahn (1). When suspensions of sufficient 
numbers of these cells are inoculated intraperitoneally into mice, the cells 
multiply rapidly in free suspension, dividing once in slightly over 24 hours 
(2), and a voluminous ascites develops. The cells accumulating include 
not only the large neoplastic epithelial cells but 2 to 17 per cent (average 
10 per cent) of leucocytes and other small inflammatory cells (3, 4). In 
contrast to solid tumors, the cells do not show pronounced degenerative 
signs (5). Other observations on the neoplasm have recently been reviewed 
by Klein (6). 

The rapidity of the development of the ascites and of the propagation 
of the cells poses interesting nutritional problems. A 20 gm. mouse may 
readily accumulate in a week 2 gm. of cells in 8 ml. of fluid. The protein 
and potassium thus accumulated can be estimated at about 15 per cent 
of that in the mouse originally; the amount of extracellular electrolyte is 
roughly twice that originally present in the mouse. 

The present study concerns the amino acid assimilation by the carci- 
noma cell in vitro. The results indicate that the cell probably receives its 
amino acid nutrition by taking up free amino acids which diffuse into the 
peritoneal cavity. The uptake is highly concentrative, which may help 
explain the competitive success of the neoplasm. This cell provides us 
with an experimental material comparable with certain Gram-positive bac- 
teria (7) in the activity of the concentrative process and in its accessibility 
to study in vitro. Glycine gradients of 60 mm per liter of water were 
observed between the cells and the suspending fluids. Under these cir- 
cumstances the cells swelled and an exchange of potassium for sodium was 
observed. 


* This investigation has been supported in part by grants from the National 


| Cancer Institute of the National Institutes of Health, United States Public Health 


Service, and the Abbott Laboratories. 
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EXPERIMENTAL 


The tumor cell was propagated from inoculated mice generously given 
to us by Dr. Nancy Bucher and Dr. Paul Zamecnik of the Massachusetts 
General Hospital. From 0.1 to 0.2 ml. of the ascitic fluid was inoculated 
into Strain A mice (Jackson Memorial Laboratories, Bar Harbor, Maine). 
The mice were sacrificed by decapitation, usually between the 6th and 
10th days after inoculation, and the ascitic fluid aspirated as completely 
as possible by a medicine dropper. The cell suspension, usually pooled 
from two or more animals, was mixed carefully, measured portions taken, 
and the cells separated, either before or after incubation, by centrifugation 
in a tared tube, 10 minutes at 3500 r.p.m. at 38°. 

The suspending fluid in which the cells were incubated was usually the 
ascitic fluid, modified by various additions; in some cases the ascitic fluid 
was extended or replaced with Krebs-Ringer solution, buffered with bicar- 
bonate. Incubated suspensions were maintained in an atmosphere of 95 
per cent oxygen and 5 per cent carbon dioxide. 

The methods of analysis for amino acids have been cited (8). Potassium, 
sodium, and chloride (9) were determined in nitric acid extracts! (9) of 
the cells. The two cations were determined by flame photometry! with a 
Barclay instrument with the aid of internal lithium standards. Potassium 
was determined also on dilutions of the suspending fluid. All concentra- 
tions were calculated in mM or milliequivalents per kilo of water in the 
phase analyzed. The fresh cells contained 80 + 0.5 per cent water and 
the fluid about 95 per cent water. Weight gains by the cells were attrib- 
uted to water uptake; the shifts of water were taken into account before 
calculating the electrolyte shifts. The changes in the potassium levels of 
the suspending fluid were used in calculating potassium shifts; similar re- 
sults were obtained if the changes in the cell potassium were used instead. 
Glucose was estimated by the method of Folin and Malmros (10). Pro- 
tein concentrations of the fluid were estimated densiometrically (11). The 
contribution of erythrocytes to the cell mass was estimated in a number 
of cases by measuring photometrically the oxyhemoglobin after hemoly- 
sis, in comparison with packed mouse red cells. The suspensions dis- 
cussed in this report contained not over 10 per cent and usually less than 
5 per cent of red cells. Red cell contents as high as 15 per cent were 
observed, but such suspensions were rejected. Mature mammalian ery- 
throcytes have so limited an assimilative ability for amino acids (8), 
compared with the neoplastic cells, as to constitute a practically inert 
diluent. 


1 The flame photometer determinations were made with the assistance of Mr. 
Joseph Benotti in the laboratories of the New England Center Hospital. 


oS ge. 


| 
| 
4 


H. N. CHRISTENSEN AND T. R. RIGGS 59 


Results 


Composition of Cell-Free Suspending Fluid—The concentrations of gly- 
cine and alanine were slightly lower in the fresh cell-free ascitic fluid than 
in mouse plasma; for example, plasma 0.32 mm, fluid 0.31 mm glycine; 
plasma 0.95 mM, fluid 0.83 mm alanine. Glucose concentrations were 
about 25 to 35 mg. per 100 ml. in the ascitic fluid, well below blood levels. 
Protein concentrations of the fluid varied from 3 to 5.4 per cent. Changes 
in protein concentration during 2 hours of in vitro incubation of cell sus- 
pensions were imperceptible by the method used. The possibility was 
considered that the cells were nourished by amino acids arising from pro- 
teolysis of the proteins entering the peritoneal cavity. No proteolysis 
could be detected; the fresh cell-free fluid contained 1.2 mg. per cent of 
bound and 5.42 mg. per cent of total a-amino nitrogen; after 2 hours in- 
cubation at 38° the figures were 1.1 and 5. 50 mg. per cent. Hence there 
was evidence neither for proteolysis nor for the presence of appreciable 
quantities of intermediate protein breakdown products. 

Cell Amino Acid Levels. Redistribution upon Incubation—Analysis of 
the freshly collected cells and the cell-free fluid showed the presence of 
free glycine, alanine, glutamic acid, glutamine, and non-glutamine a-amino 
‘} id nitrogen at far higher concentrations within the cell than outside, as 
illustrated in Table I. The average distribution ratios were glycine 12, 
alanine 7, glutamic acid 14, glutamine 12 (one observation), “rest” a- 
amino acid nitrogen 6 (“rest” a-amino nitrogen = the a-amino acid nitro- 
gen by the manometric ninhydrin method, less the a-amino nitrogen of 
glutamine, glycine, and alanine). Upon incubation in vitro these amino 
acids were taken up by the cells, the level in the cells rising and that in 
the fluid falling (Table I). This shift may have been caused by the in- 
creased oxygen pressure during incubation; the color of the hemoglobin 
present in the erythrocytes spoke for a low oxygen pressure in situ. The 
increased temperature of the incubation probably played no part; the 
ascitic suspension in the mouse was regularly at about 34°, but studies of 
the effect of temperature showed a similarity in amino acid uptake over 
the range 28-38° (see Table V). 

Extractability of Cellular Glycine—When the cells were shaken in 0.9 per 
cent sodium chloride, the glycine passed quickly into the suspending fluid. 
For example, after shaking 2 hours at room temperature in 10 parts of 
saline, the glycine in the cell water was 1.53 mM, in the salt solution 0.37 ma. 
A second washing for 1 hour with fresh saline brought the cell glycine 
level down to 0.49 mM, an estimated one-tenth of the original value. The 
speed with which the glycine was extracted was in contrast with results 
with erythrocytes, for which many hours were required (8). 
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Changes in Total Amounts of Free Amino Acids in Suspensions upon 
Incubatton—An incubation of 3 hours at 38° led to an over-all loss of only 
about 10 per cent of the free amino acid nitrogen present in the cells plus 
fluid; two-thirds of this loss was due to glutamine, the concentration of 
which was nearly halved. No evidence was obtained for the release of 
urea or ammonia. These cells are presumably dependent upon urea for- 


TaBie 


Concentrative U ptake of Glycine, Alanine, and Other Amino Acids by Carcinoma 
Cells; Inhibition by 2,4-Dinitrophenol and by Cyanide 

To 4 ml. of ascitic fluid suspension were added 4 yum of glycine and the inhibitor 
in very small volumes of isotonic solutions. ‘‘Rest’’ amino acid refers to the a- 
amino acid nitrogen measured manometrically by ninhydrin after cyclization of 
glutamine, less the glycine and alanine nitrogen. The original suspension con- 
tained, per 4 ml., the following amounts, in micromoles: glycine 4.4, alanine 7.7, 
‘rest’? a-amino acids 20.3. The concentrations are expressed in mm per kilo 
of water. Incubation time, 1 hour. Results illustrative of several experiments. 
[Aa]. and [Aa]; represent the final amino acid concentrations in cells and fluid 
respectively. 


Net gain of 
uu 
Nothing (fresh Glycine 3.98 0.32 12.4 
fluid) Alanine 6.19 0.84 7.4 
| Rest 16.0 2.30 7.0 — 
Glycine Glycine 8.8 0.58 1.2 18.6 
Alanine | 6.9 0.58 12.0 —0.14 
| | 7.8 +1.8 
“+ dinitro- Glycine 7.8 1.72 4.5 2.7 +3.9 
phenol (Imm) Alanine 3.56 1.04 3.4 —1.7 
9.45 3.11 3.0 —2.1 
Glycine + Glycine 4.52 1.85 2.4 0.36 +1.5 
mM) Alanine 3.54 1.58 2.3 —0.28 
Rest 12.7 3.64 3.5 +2.4 


mation by the liver of the host to make available the carbon chains of 
amino acids for energy production. The increase in glycine which was 
uniformly seen, even when more glycine had been added (see Table I), 
may be the result of amino acid interconversions which make the larger 
deaminated residues available for fuel. The presence of 2 ,4-dinitrophenol 
intensified the gain in glycine and loss of non-glycine amino acids (Table I). 


The smallness of the over-all change in free amino acids in the cell sus- | 


pensions during incubation indicated much slower net protein anabolism 
than had occurred intraperitoneally. 
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Concentrative Uptake of Added Amino Acids—-When the glycine, alanine, 
or glutamic acid of the medium was artificially increased, the cells took 


Taste Il 
Concentrative Uptake of Glutamic Acid by Ehrlich Carcinoma Cells in Vitro 


The final concentrations are expressed in mM per kilo of water. The incubation 
period was 2 hours at 38°. 


Glutamic acid distribution 
Cells Fluid Ratio Cells Fluid Ratio 
None 3.42 0.204 16.7 3.56 0.336 10.6 
11.3 3.48 °#0.25 14.0 12.4 0.71 17.5 
III 


Uptake of Glycine and Alanine from Krebs-Ringer-Bicarbonate; Inhibition of 
Glycine Uptake by Alanine; Lack of Stimulation by Glucose 
In Experiments 7 and 25 the suspending fluid was Krebs-Ringer-bicarbonate; 
in Experiment 14 it was the natural ascitic fluid extended with 0.2 part of 0.9 per 
cent NaCl; The incubation times were | hour. The final concentrations are ex- 
pressed in mM per kilo of water. 


Amino acid distribution 
Added, mu per liter medium 

Cells Fluid Ratio 
7 Nothing, unincubated Glycine 4.5 0.37 11.7 
Alanine 5.8 0.83 5.7 
Glycine 3.56 Glycine 16.7 2.00 8.4 
Same + glucose 111 “ 14.9 1.96 7.6 
Glycine 3.56 + alanine 7.1 - 11.1 3.54 3.1 
Alanine 18.6 4.14 4.5 
Glycine 2.3 Glycine 100.5 O98 #£«»+:10.7 
Same + alanine 2.3 “ 10.1 1.38 7.4 
Alanine 11.3 1.17 9.6 
Alanine 2.3 9.9 105 9.5 
25 Nothing, unincubated Glycine 5.5 0.54 10.3 
Glycine 3.1 4.9 200 
334 2.1 


Same + alanine 15.9 as 6.9 | 


up the added amino acid and approached the distribution ratio obtained 
without added amino acid (Tables I to I11). This means that the gains 
by the cell were many times as great as the gains by the fluid. The up- 
take was approximately as active from Krebs-Ringer-bicarbonate solution 
(Table III). Added glucose disappeared rapidly, but the amino acid dis- 
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tribution ratios, (cell concentration) /(extracellular concentration), were de- 
creased by its addition. The uptake was strongly inhibited by the exclu- 
sion of oxygen, or by cyanide, 2,4-dinitrophenol, arsenate, aureomycin, 
chloromycetin, malonate, iodoacetate, or fluoride (Tables I, III, and IV). 
Azide (1 or 5 mm), phloretin phosphate, and 8-hydroxyquinoline (1 mw) 


TaB_e IV 
Effects of Certain Inhibitors and Antibiotics upon Glycine Concentration 

The ascitic fluid suspensions were extended by 15 to 20 per cent of their volume 
with isotonic solutions of glycine, sodium chloride, and inhibitor; in Experiment 
12, 0.83 volume of Krebs-Ringer-bicarbonate was added instead. The incubation 
times were 1 hour for Experiments 9 and 22, 1.5 hours in Experiment 21, and 2 hours 
in Experiments 12, 26, and 31. The final concentrations are expressed in mM per 
kilo of water. 


| | Glycine distribution 
| Cells Fluid Ratio 
9 Glycine-NaCl only | oS 0.96 10.3 
Same in N;-CO,; | 7.2 2.7 2.7 
12 Glycine in Krebs-Ringer-bicarbonate 23.9 1.61 14.6 
Same + arsenate, 10 mm 20.6 3.5 5.9 
21 Glycine-NaCl only 12.0 0.92 13.0 
Same + 5mm iodoacetate 5.71 2.46 2.3 
“ + 1 “ azide 12.1 1.10 11.0 
“ + 37 “ malonate 10.6 2.09 5.1 
‘“* + 1 “ aureomycin 12.4 1.64 7.6 
22 Glycine-NaCl only 10.4 1.26 8.2 
Same + 5 ma chloromycetin 9.9 1.91 5.2 
“ + 1 “ 8-hydroxyquinoline 9.9 1.54 9.0 
‘“* + 50 mg. % phloretin phosphate 8.9 0.91 9.8 
26 Glycine-NaCl only 11.1 0.80 13.9 
Same + 40 mm malonate 9.4 2.32 4.0 
“« + 2 “ aureomycin 10.6 1.65 6.5 
“« + 5 “ chloromycetin 10.9 2.03 5.4 
31 Glycine-NaCl only 29.0 4.37 6.64 
Same + 5 mm azide 30.9 3.76 8.23 
“* +10 “ fluoride 16.1 8.00 2.01 


were not clearly inhibitory. 
produced an effect noted above for dinitrophenol: an intensification of the 
formation of new glycine. Consequently the final cellular glycine levels 
were not notably less than those of the controls, although the extracellular 
levels were greatly elevated. This result is nevertheless taken as an indi- 
cation of inhibited uptake, because, if the control cells had been exposed to 
these higher glycine levels, they would have taken up more glycine. The 
responsiveness of these cells to changes in the extracellular glycine level is 


Aureomycin, chloromycetin, and malonate’ 
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such that inhibited uptake may be demonstrated in either of two ways: 
(1) a smaller response in the inhibited cells either in the retention or the 
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GLYCINE IN EXTRACELLULAR WATER 


mM per Kilo. 

Fic. 1. Relation between glycine level of Ehrlich mouse carcinoma cells and 
suspending fluid. The suspending fluid consisted of the natural ascitic fluid plus 
0.06 volume of glycine-NaCl. The incubation was for 2 hours at 38°. The curve 
has been drawn by inspection. 


Taste V 
Temperature Sensitivity of Uptake of Glycine 
In Experiments 23 and 24 the ascitic fluid suspension was extended with 1.5 to 
1.7 per cent, in Experiment 26 with 20 per cent, of its volume of glycine in 0.154 
uw sodium chloride. The time was 2 hours. The cells were centrifuged at approxi- 
mately the temperature of incubation, except that those incubated at 45° and 51° 
were centrifuged at 39°. The concentrations are in mm per kilo of water. 


Glycine distribution 
Experiment No. Temperature 
Cells Fluid Ratio 

23 20 11.9 0.80 14.8 
37.3 13.5 0.79 17.0 

45.0 12.1 3.08 3.6 

51.0 4.5 3.90 1.2 
24 1 5.5 4.31 1.28 
29 14.4 2.50 5.76 

37.5 15.4 2.19 7.04 

26 28 11.6 0.81 14.3 
37.5 11.1 0.80 | 13.9 


uptake of glycine, at a given extracellular level; or (2) the requirement of 
a higher extracellular level for the inhibited cells to produce the same re- 
tention or uptake observed in the control cells. 
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A more complete description of the normal response of the cells to in- 
creasing glycine levels in the suspending fluid is illustrated in Fig. 1. The 
relation is curvilinear, neither the distribution ratio nor the gradient being 
constant over the range illustrated. 

Gale (12) and Gale and Paine (13) have observed that both aureomycin 
and chloromycetin inhibited the accumulation of glutamate by Slaphylo- 
coccus aureus, but they were much more effective as inhibitors of the 
incorporation of glutamate into combined forms. 

The uptake of glycine, after augmentation of its level in the suspending 
fluid, was inhibited when alanine was also added in an equivalent amount 
(Table III). The inhibition became more severe as the amount of alanine 
was increased to 5 times the amount of glycine. p- or L-glutamic acid at 
20 mo levels failed to affect glycine uptake. 

The effect of temperature on glycine uptake is illustrated in Table V. 
Although the distribution ratios were clearly lower at 20-28° than at 37.5", 
the uptake was far more uniform over this whole range than has been 
observed before with diaphragm (14) and erythrocytes (8). At 1° and at 
51° the distribution ratios were only slightly above 1. 


Relationship between Glycine Accumulation 
and Potassium Accumulation 


Electrolyte Composition of Cell—The cell population of the mouse ascites 
carcinoma showed an average electrolyte composition of 134 m.eq. of po- 
tassium (standard deviation = 5), 50 m.eq. of sodium (s.d. = 5), and 
64 m.eq. of chloride (s.d. = 4). The analytical samples included some. 
what variable proportions of erythrocytes and white cells; however, 8 
per cent of the cell mass may conservatively be attributed to the large 
carcinoma cells (3, 4). Mouse erythrocytes contained levels of sodium 
which were lower and levels of chloride higher than the above figures. 
Samples of the ascitic fluid cells of very low erythrocyte content contained 
slightly higher sodium and slightly lower chloride concentrations than the 
average sample. Hence there can be little doubt that the neoplastic cells 
contained substantial concentrations of sodium and chloride. 

Inhibition of Glycine Uptake by Potassium—The inhibitory effect of high 
potassium levels in the suspending fluid on the uptake of glycine is shown 
in Table VI. The effect was clearly evident at a 40 mM potassium level: 
at this concentration swelling of the cells was not observed. Between 80 
and 145 mM potassium levels (Experiment 25) there was a very large in- 
crease in swelling; the fall in cellular glycine was greater, however, than 
could be explained by the uptake of a glycine solution having the extra 
cellular concentration. 

Water Shifts at High Glycine Gradients— At 100 mm» levels almost no 
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concentrating activity for alanine was seen. In contrast, at similar levels 
of glycine, the cell water became 60 mM more concentrated in glycine than 
the suspending fluid (Table VII). Similarly large gradients were devel- 
oped at extracellular glycine levels from 32 to 161 mm. Over 2 hours were 
required in the latter case. If all this extra glycine in the cells was free, 
a large osmotic gradient would result. Swelling of the cells, with increases 
of 5 to 16 per cent (average 9 per cent) in the cell water, bore evidence of 
an osmotic gradient. 

Cation Shifts at High Glycine Levels—The shifts of potassium and so- 
dium at high glycine concentrations are reported in Table VII. From 7 


TaBie VI 
Inhibition of Glycine Uptake by Elevated Potassium Concentrations 
Period of incubation 2 hours for Experiment 12, 1 hour for Experiment 25. The 
“Per cent swelling” is the per cent increase in cell water with reference to the un- 
incubated fresh cells in Experiment 25, and with reference to the incubated control 
cells in Experiment 12. Glycine concentrations are given in mo per kilo of water. 


Glycine distribution 
Cells Fluid Ratio 
12 Ascitic fluid extended with 1.04. 3.9 168 14.6 
volumes Krebs-Ringer-bicar- | | | 
bonate | | | 
Same, final [K*] = 76 mu +12 8.7 3.16 
25 Krebs-Ringer-bicarbonate <i 5.1 , 2.00 7.6 
Same, calculated [K*] = 40mm  -7 10.6 | 2.22 4.8 
# +36 5.3 | 3.36 1.6 
ee “=e M5“ +108 4.3 3.4 1.2 


to 15 m.eq. of potassium were replaced by sodium. At higher concen- 
trations, at which the gradients increased for up to 4 hours, the cation 
shift continued during this interval. 

In Experiment 18 (Table VII) the inhibiting effect of physostigmine 
upon glycine as well as upon potassium uptake is illustrated. This has 
been shown only at high glycine concentrations, because physostigmine 
itself gave an appreciable response to the glycine method, presumably by 
way of hydrolysis to release methylamine. At high glycine concentra- 
tions this effect was negligible. The loss of potassium when both glycine 
and physostigmine were present was greater than the sums of the losses 
when each was present alone. 

Shifts of sodium, potassium, and chloride were observed when L-glu- 
tamic acid was taken up; for example, after incubation for 2 hours in the 
presence of 20 mm glutamate, 7 m.eq. each of sodium and potassium 
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entered the cell and 10 mm of chloride left the cell. Taking into account 
the shifts of sodium, potassium, chloride, and glutamate left an apparent 
anion deficiency for the cells. This would be expected, since glutamate 
disappeared during the experiments; the intermediate products of its catab- 
olism are also anions, and, until the bicarbonate resulting from their oxi- 


TasLe VII 
Loss of Potassium and Uptake of Sodium by Carcinoma Cells Incubated in 
Glycine-Rich Media 

The electrolyte concentrations were compared with those obtained upon con- 
trol portions of the cells incubated in the same media (less added substances) under 
the same conditions. The cation shifts shown have been calculated after correct- 
ing for shifts of water. The glycine was added in the crystalline state except as 
indicated. Glycine concentrations in mm per kilo of water; K* and Na* in m.eq. 
per kilo of water. 


Glycine distribution 
| Added, ma per liter suspension | Hrs. 4 cell | 4 K+ | A Nat 
Cells | Fluid 
per cent 
11 Glycine 100 2 | 162 | 103 | 59 16 | —18 
Alanine 100 2 129 | 122 7 0 
12 Glycine 100 2 134 | 107 | 27 12 | -17 
13 ” 37 1 67 21 46 0 | —10/ +10 
” 100 l 142 | 109 33 
Same 2 173 | 114 59 8 —7| +9 
15 Glycine 20 3 57 ll | 47 9 —7| +8 
3 | 88] 32] 56 | 10 | +14 
3 124 78 | 46 9 | | +14 
18 2 114 53 | 61 12 
Same + physostigmine 25} 2 | 89] 54| 35 | 5 | —50| -1_ 
20 Glycine 50 2 93 | 45 | 48 8 —-8| +9 
Same 4 99 49 | 5O 10 -—8 | +12 
as 0.308 m solution 2 74 52 | 22 1 —7 +5 
Glycine 150 2 | 207 | 177 | 30 4 | -10| +48 
4 216 | 161 55 | 7 =—15 | +12 


anticipated. 
DISCUSSION 


Wide differences were shown in the degree to which various amino acids 
were concentrated by these, as other, cells. At normal extracellular con- 
centrations the differences among glycine, alanine, and glutamate were 
not very striking, but with increasing levels the capacities of the cells for 
concentrating alanine and glutamate were saturated much sooner than for 
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glycine. Liver and muscle also show high capacities for glycine uptake 
relative to other amino acids (15, 16). The findings, nevertheless, tend to 
bear out the view that the study of the uptake of a single amino acid yields 
results of general importance in amino acid assimilation. 

The phenomenon of inhibition of the cellular uptake of one amino acid 
by another was demonstrated first in the intact guinea pig (16) and later 
in the excised diaphragm (17). This was viewed as a competition among 
the amino acids, based on structural similarity. The behavior of glutamic 
acid was a distinct exception; the feeding of this amino acid to the guinea 
pig (16) or to the dog (18) led to decreased plasma levels of other amino 
acids, owing to increased uptake by the cells (16). A new explanation 
has been proposed by Gale (19) for similar effects observed in S. aureus. 
When an inhibition of glutamate uptake was produced by cysteine, the 
accumulation in the medium was noted of a glutamic acid conjugate, 
tentatively identified as cysteinylglutamic acid. Gale suggests that cys- 
teine had reacted with a highly active compound of glutamic acid. The 
formation of this active compound is involved in glutamate penetration; 
the inability of the cysteine peptide to penetrate into the cell presumably 
accounted for the inhibition. Valine, leucine, and isoleucine stimulated 
glutamate uptake, supposedly by forming conjugates which penetrated 
the osmotic boundary. The appearance of bound glycine in the plasma 
after the ingestion of large doses of glycine by human subjects may be re- 
called (20). Recently the inhibition of cellular uptake of glycine by gly- 
eylglycine and of glutamate uptake by a-glutamyl glutamate has been 
noted.” 

The swelling of the cells in glycine-rich media may plausibly be inter- 
preted as an adjustment to the osmotic gradient resulting from the uptake 
of glycine. The cation shift, however, being reciprocal, does not appear 
to change the osmotic gradient. We have here three unexplained asso- 
ciations between glycine and potassium accumulation: the inhibition by 
potassium of the maintenance of the concentration gradient of glycine, the 
inhibition by glycine of the concentration of potassium, and the inhibition 


of both processes by physostigmine. 
SUMMARY 

1. The ascitic fluid of mice bearing the Ehrlich ascites carcinoma cell 
contained amino acids in concentrations equal to or slightly below those 
of plasma. The fluid was rich in protein, but no evidence of proteolysis or 
of unusual concentrations of intermediate protein breakdown products 
was observed. Reducing sugar was well below blood levels. 

2. The cells collected by centrifuging the ascitic fluid contained gly- 


* Unpublished results, M. L. Rafn and H. N. Christensen. 
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cine, alanine, glutamic acid, and glutamine and other amino acids at far 
higher concentrations than were present in the suspending fluid. Upon 
incubation in vitro at 38° the gradients were further steepened. Free ex- 
tractability of the glycine from the cells was demonstrated. 

3. Added single amino acids were concentrated by these cells, with an 
activity not observed previously for mammalian tissues in vitro. Gra- 
dients ~anging to more than 60 mM were observed for glycine. An accom- 
panying swelling indicated that the extra glycine was probably in osmoti- 
cally active form within the cell. An unusually small degree of temperature 
sensitivity of the concentrative process between 20-38° was noted, al- 
though concentrative activity was almost absent at 1° and 51°. 

4. The concentrative activity was strongly inhibited by anoxia, cyanide, 
dinitrophenol, and arsenate. Inhibition by aureomycin, chloromycetin, 
and malonate was also noted. Glycine accumulation was inhibited by the 
simultaneous presence of alanine but not of glutamate. 

5. Concentrations of potassium ion of 40 m.eq. per liter and higher in- 
hibited the uptake of glycine by the carcinoma cells. 

6. A loss of potassium occurred from the cells, with a replacement by 
sodium, when the cells were incubated in glycine-rich media. 
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STUDIES ON CARBOHYDRATE METABOLISM IN RAT LIVER 
SLICES 


I. THE EFFECT OF CATIONS IN THE MEDIA* 


By A. BAIRD HASTINGS, CHING-TSENG TENG,t FRANCES B. 
NESBETT, ann F. MAROTT SINEX 


(From the Department of Biological Chemis'ry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, August 1, 1951) 


Previous studies from this laboratory (1-3) have established the im- 
portance of the cationic composition of the incubation medium for glycogen 
and total carbohydrate synthesis by liver slices in vitro. It was concluded 
that glycogen synthesis was greatest in a K-Ca medium in rat liver slices 
with glucose as substrate and in a K-Na-Ca medium in rabbit liver slices 
with pyruvate as substrate. A net increase in glycogen from pyruvate 
was not reguarly observed in rat liver slices in any medium used. The 
substitution of sodium ions for potassium ions caused a greater formation of 
total carbohydrate from pyruvate in rabbit liver slices (3). Apart from 
glycogen, the identification of the total carbohydrate formed in these ex- 
periments was not determined. 

Because of the need to obtain synthesis of glycogen from pyruvate by 
liver slices of rats regularly, and because of the desirability of determining 
the extent to which glucose and pyruvate carbons contribute to glycogen 
formation, we have undertaken the following experiments. (a) Using non- 
isotopic glucose or pyruvate as substrate, we have compared the synthesis 
of glycogen in six media containing different concentrations of the cations, 
K, Na, Mg, and Ca. It was found that a medium containing K 110, 
Mg 20, and Ca 10 mo per liter was most favorable for glycogen synthesis 
from both substrates. (b) Using C-labeled glucose and C-labeled pyru- 
vate as substrates, we have studied simultaneously the uptake of labeled 
glucose and the formation of new glucose from labeled pyruvate, in addi- 
tion to the synthesis of glycogen from the labeled substances. In this 
study, comparisons were made among three media which contained differ- 
ent concentrations of K and Na ions but identical concentrations of other 
ions and substrates. It was found that these monovalent cations had an 


* This work was supported in part by the United States Atomic Energy Com- 
mission, Swift and Company, the United States Public Health Service, and the 
Eugene Higgins Trust through Harvard University. 

t This work was done in part during the tenure of a Postdoctorate Fellowship, 
United States Public Health Service. 
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effect upon glucose disappearance and glucose production which may in 
part be responsible for the effect on net glycogen formation by liver slices 
in vitro. 

Effect of Cations on Net Glycogen Synthesis 


Animals—Male albino rats of the Wistar strain, raised in our own colony, 
weighing between 200 and 300 gm., were used. The animals were fasted 
18 to 24 hours before experiment. 

Media—The compositions of the six media compared are given in Table 
I. The total concentration of the cations plus anions equaled 340 m.eq. 


I 
Tonic and Substrate Composition of Media 
The figures represent millimoles per liter. 


| Medium | “Medium Medium 
Glucose 30 or| Kt 110 60 65 | 75 | 130 | 150 
pyruvate 60 Nat 0 50 65 75 0 0 
Mg*+ 20 20 20 0 20 0 
Catt 10 10 0 10 0 10 

Glucose 30 HCO; 40 40 40 40 40 40 
| Cl- 130 | 130 | 130 130 | 130 | 130 
Pyruvate 60 CH,COCOO- 6 | 6 | | 6 | on 
HCO, 40 40 40 40 40 40 
| Cl- 70 70 70 70 70 70 


per liter in all media. The total milliosmolar concentration of electro- 
lytes was 310 in Media I and II, 320 in Media III and IV, and 330 in 
Media V and VI. The substrate was either glucose, 30 mm per liter, or 
pyruvate, 60 mm per liter. The solutions were equilibrated with 5 per 
cent CO.-95 per cent O2, giving a pH in the presence of the liver slices 
varying between 7.4 and 7.5. 

Methods—The experimental procedures and chemical methods used were 
similar to those reported by Buchanan, Hastings, and Nesbett (2). Each 
experiment was carried out on liver slices from the same rat. The results 
reported are the averages of duplicate flasks. 


Results 


The results obtained with the six media are given in Table II. From 
the data, it is evident that in all experiments, with either glucose or pyru- 
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vate as substrate, Medium I, containing K, Mg, and Ca, is the best of 
the six. The replacement of half the K ions by an equivalent amount of 
Na ions resulted in less glycogen synthesis; the presence of both Mg and 
Ca ions together was more effective than the presence of either alone. 
In several experiments in which a net glycogenolysis occurred in all media 
because of the relatively high initial glycogen levels (1), the smallest loss 
of glycogen was observed in the K-Mg-Ca medium. 

These results provide evidence that rat liver slices can synthesize gly- 


II 
Effect of Cations on Glycogen Synthesis from Glucose or Pyruvate by Rat Liver Slices 
in Vitro 
All results expressed as micromoles per gm. of wet liver per hour. 
Net change of glycogen 
Experi- Initial 
Substrate ment No. | glycogen Medi Medi Medi Medi Medi Medi 
I Il Ill IV Vv VI 

Glucose 77 8.0 3.9 0.7 —5.5' -—3.2 

78 22.2 4.4 —-6.5 -—-11.0 —12.5 
79 8.0 3.7 —4.3| -0.8| —1.9 0.8 
80 4.4 6.8 4.2; —1.7 0 1.2 2.9 
81 5.3 4.6 1.5 0 2.8 1.0 
Pyruvate 83 3.8 28} -0.2| —-1.5| —0.4 0.7 
S4 24.0 —4.2  —12.3 —15.1 -—6.8 | —9.1 
85 14.8 | —3.4 |) -7.0| -—7.0' —8.1 | —5.0 
92 1.6 3.9 1.3 0.2 2.0 4.8 3.8 
93 2.6 7.5 2.9 0.3 4.3 4.6 4.0 
30.8 1.4 | -11.3 —-14.8 —11.7 -—7.5 | —1.0 
95 17.2 | -08 -60 -65 -4.9 -—0.5 
101 1.6 4.7 3.1 3.9 
| 102 26.8 14.8 | 8.7 9.3 


cogen from pyruvate as well as from glucose. They confirm the opposing 
effects of K and Na ions on glycogen formation in vitro. However, they 
did not contribute information on the more pertinent question: where and 
how do K and Na ions act to influence hepatic carbohydrate metabolism, 
of which glycogen formation is but one aspect? An attempt to provide 
information on these problems has been made in the following experiments. 


Effect of K and Na Ions on Glycogen and Glucose Metabolism 


In the liver slice system in which glucose and pyruvate are used as 
substrates, the following processes could be expected to influence the net 
deposition of glycogen: (1) the phosphorylation of glucose by the hexo- 
kinase-adenosinetriphosphate system, (2) the conversion of pyruvate and 
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other glycogenic precursors to glucose-6-phosphate, (3) the formation of 
glucose from glucose-6-phosphate by the action of liver phosphatase, and 
(4) the reversible conversion of glycogen to glucose-6-phosphate. It will 
be noted that these processes are dynamically interdependent, because 
they all hinge on the common intermediate, glucose-6-phosphate. It is 
possible that K and Na ions may exert their opposing effects on any one 
or all of these reactions. This has been shown to be the case in the follow- 
ing experiments. 

Media and Substrates—Three media with varying concentrations of K 
and Na ions were used. The concentrations of the other ions were kept 
constant. In all media the substrates used were the same: glucose, 20 


Taste 
Tonic and Substrate Composition of Media 
Composition of media in millimoles per liter. 


—— 


Medium 1 Medium 2 #$$Medium 3 

| Nat 70 105 

Mg** 20 20 | 20 

Anions | HCO, 40 | 40 40 
| | 90) 

Pyruvate* | 40 40 40 

| 20 20 20 


* We are gratefully indebted to Dr. Martin Gibbs of the Brookhaven National 
Laboratory for the uniformly labeled glucose. A similar preparation was later 
also obtained from the Oak Ridge National Laboratory. a@-Carbon-labeled pyru- 


vate was prepared by Dr. Manfred L. Karnovsky of this laboratory. 


mo per liter, together with pyruvate, 40 mM per liter. In any one medium 


only one of-the two substrates was labeled with C™. Glucose carbons: 


were uniformly labeled; pyruvate was labeled in the a-carbon position. 


The exact compositions of the three media are given in Table IIT. 


Procedure—About forty slices were prepared from the liver of one rat 


with a Stadie-Riggs slicer (4). Alternate slices were used in each of two 
experimental flasks, each containing 12.0 ml. of medium and approximately 


1.5 gm. of liver slices. In order to minimize metabolic changes that might 


occur during the period of preparation (20 to 25 minutes), the slices were 


bathed in slicing media which were chilled over ice and aerated with 5. 


per cent CO,-95 per cent O, gas mixture. The slicing media were similar 
to the incubation media except that they contained no substrates. The 
flasks were flushed with 5 per cent CO,.-95 per cent O, for 5 minutes and 
incubated in a 37.8° water bath for 90 minutes. The use of relatively 
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large amounts of tissue and medium provided sufficient material for iso- 
lation and analysis. 

Chemical Analyses—The liver slices were analyzed for glycogen (5), and 
the media for glucose (6) and pyruvate (7) at the beginning and end of 
incubation. The media were also analyzed for CO, (8) and lactic acid (9) 
at the end of incubation. The deproteinization of the media with Ba(OH), 
and ZnSO, before the determination of glucose removed non-glucose re- 
ducing substances (10) and phosphorylated hexoses (11). The amounts of 
lactic acid appearing in the incubation medium at zero time were found 
to be very small. Preformed lactic acid in the liver slices was presumably 
well washed out while the slices were bathed in the slicing medium. 

Isotopic Analyses—The radioactivities of the labeled substrates used 
and of the materials isolated from the tissue and medium after incubation 
were determined in a flow counter (12). All results were expressed as 
counts per minute per mM of carbon and are therefore directly comparable. 

The specific activity of C-labeled pyruvate used as substrate was de- 
termined on the 2,4-dinitrophenylhydrazone derivative (13). The spe- 
cific activity of CO, was determined on BaCQO;. A correction of —34 
per cent for back-scattering was made (14) on the specific activities of 
BaCO; samples. The C-labeled glucose used as substrate, the glucose 
obtained upon hydrolysis of liver glycogen, and the glucose in the medium 
after incubation were converted to glucosazone. The osazone was puri- 
fied by washing and recrystallization (15), plated, and counted. In the 
case of liver glycogen, it was necessary to add carrier glucose, 10.0 mg. 
per sample, to yield enough material to handle. The dilution was cor- 
rected for in the calculation of the specific activity. 

Since the medium at the end of incubation contained glucose which had 
been added as substrate as well as glucose which had been formed from 
pyruvate and other precursors during the incubation, the change of specific 


activity of the glucose or the appearance of radioactivity in the final 
_ glucose provided a measure of the dilution of the original glucose with 
_ the newly formed glucose molecules. Since the medium also contained 
residual pyruvate and other metabolites of unidentified nature, it was of 


importance to insure that the osazone isolated and counted was not con- 
taminated. Reasonable assurance that this was true is provided by (a) 
the Ba(OH).-ZnSO, treatment of the medium, which removes non-glucose 
reducing substances and phosphorylated hexoses, (b) the typical micro- 
scopic appearance of the glucosazone crystals, and (c) the results of the 
following experiments. 

An osazone was prepared from a mixture of unlabeled glucose and an 
excess of labeled pyruvate. It was purified and counted in the usual 
manner. In three such experiments, only 4 to 6 c.p.m. per 3 to 5 mg. of 


K 
ept 
, 
onal 
ater. 
um. 
ons 
rat 
two 
tely 
ght | 
"ere 
h 5 
rhe} 
rely) 


74 CARBOHYDRATE METABOLISM IN LIVER. I 


sample were found. The radioactivity of glucose formed from labeled 
pyruvate in most experiments was about 300 to 500 c.p.m. per 3 to 5 mg. 
of sample of glucosazone. 

Aliquots of deproteinized medium containing labeled glucose were di- 
luted with known amounts of unlabeled glucose. Osazones were prepared | 
from the diluted and undiluted samples. The specific activities of the 
diluted samples were corrected for the dilutions made. Of eight such 
experiments, the averages of the specific activities of the diluted and un- 
diluted samples agreed within 2 per cent. 

Calculations 

The net change of glycogen content of the liver slices and that of the 
concentrations of glucose and pyruvate in the media are calculated from 
the data obtained by chemical analyses of initial and final samples. From 
these and the isotopic data more intimate information about the metabo- 
lism of glycogen, glucose, and pyruvate may be gained by the following 
calculations (all results expressed as micromoles per gm. of wet liver per 
90 minutes). 

(A) When the medium contained labeled glucose and unlabeled pyru- 


vate, 


(1) Glycogen formation from glucose = 
: specific activity of glycogen C 
partinmhn specific activity of initial glucose C Gly: 
(2) Glucose uptake = | By 


a a3 specific activity of final glucose C | 87 
specific activity of initial glucose 


(3) Glucose oxidation = gly 
Final CO, _ corrected specific activity of BaCO, maa 

6 specific activity of initial glucose C | G 

(B) When the medium contained labeled pyruvate and unlabeled glu- gluc 
Pro 

(4) Glycogen formation from pyruvate = is d 
: specific activity of glycogen C wit} 

specific activity of initial pyruvate C P 

(5) Glucose production from pyruvate = : The 
: specific activity of final glucose C the 

specific activity of initial pyruvate C of 

(6) Pyruvate oxidation = mat 
Final CO, corrected specific activity of BaCO, no) 

3 specific activity of initial pyruvate C in) 


| 
| 
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(C) When an experiment was carried out in duplicate flasks, one flask 
containing labeled glucose and unlabeled pyruvate and the other labeled 
pyruvate and unlabeled glucose, the data obtained in (A) and (B) above 
were combined as follows: 


(7) Glycogen formation from unidentified carbon precursors (X) = 

(Final glycogen) — (glycogen from glucose) — (glycogen from pyruvate) 
(8) Glucose production from unidentified carbon precursors (X) = 

(Net change of glucose) + (glucose uptake) — (glucose from pyruvate) 


Results 


Net Change of Glycogen and Glycogen Formation from Glucose and Pyru- 
vate—These results are shown in Table [V. A large net increase of gly- 
cogen occurred consistently in all experiments with Medium 1 (K 110 and 
Na 0 mm per liter). Much less was found in experiments with Medium 
2 (K 46 aud Na 70 mm per liter), and the variability of the results was 
considerable. With Medium 3 (K 5 and Na 105 mm per liter) a net loss 
of glycogen was observed in three, and a small net gain in three other 
experiments. Similar relationships were obtained in the amounts of gly- 
cogen synthesized from glucose and pyruvate. These total 21.2, 9.8, and 
4.5 um per gm. in Media 1, 2, and 3, respectively. If these figures are 
taken as the amounts of new glycogen formed, one may calculate the 
amounts of glycogen breakdown as follows: 


Glycogen breakdown = (initial glycogen) — ((final glycogen) — (new glycogen)) 


By substituting the values shown in Table IV, one obtains 1.2, 4.4, and 
5.7 uM per gm. as the amount of glycogenolysis in Media 1, 2, and 3, re- 
spectively. These results therefore indicate that K ions both promote 
glycogen synthesis and inhibit glycogen breakdown, whereas Na ions pro- 
mote glycogen breakdown as well as retard glycogen formation. 

Glucose Uptake and Glucose Production—The data on the uptake of 
glucose and the formation of glucose from pyruvate in the three media 
studied are shown in Table V. It is seen that the uptake of glucose is 
progressively reduced as the proportion of K ions to Na ions in the medium 
is decreased. Conversely, glucose production from pyruvate is increased 
with increasing Na ion concentration in the medium. 

Pyruvate Disappearance, Pyruvate Oxidation, and Lactic Acid Formation— 


' These results are given in Table VI. There is very little difference in 
_ the amounts of pyruvate disappearing in the three media, or in the amounts 


of pyruvate oxidized to CO,. There is, however, greater lactic acid for- 
mation in Media 2 and 3 (containing Na) than in Medium 1 (containing 


no Na). The sum of pyruvate converted to glycogen, glucose, and CO, 


in Medium 1 is (9.7 K 2 + 15.6 X 2 + 33.5) = 84 um per gm. Since 
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the total pyruvate disappearing equaled 267 um per gm., only 84/267 or | 
31 per cent was accounted for by these three identified metabolites. (4 


TaBLe IV 

Effect of K and Na Ions on Glycogen Synthesis from Glucose and Pyruvate by Rat EJ 
Liver Slices in Vitro 

All results expressed in micromoles of glucose equivalents per gm. of wet liver 

per 90 minutes. For composition of media, see Table III. atin 


Medium He. | Repeat No. | Initial Final | Net change From glucose From pyruvate 
| 27.3 20.1 «40.4 
25.1 23.8 (10.5 
CB3 33.4 | | 33.8 
| 23.2 10.5 
CB9 17.5 | 7.2 
CB10 25.6 9.3 
CB12 3.7 24.4 20.7 | 11.2 
CB13 6.3 24.6 i8.3 98 
CB14 24.8 | 7.5 
CB32 4.2 30.7 26.5 
CB33 12.5 28.8 16.3 11.5 
5.9 25.9 21.0 | 11.5 9.7 A 
2 CB10 9.3 3.8 
CB12 3.7 10.1 6.4 4.8 
CB13 6.3 14.0 7.7 5.4 
CB14 11.9 3.8 
CB28 10.4 12.8 
CB29 8.7 11.5 28 | 3.6 
CB30 3.7 8.1 4.4, 2.4 
CB3i | 2.4 7.0 4.6 2.7 
CBM | 4.6 18.8 14.2 7.4 
CB3 2.7 19.7 17.0 | 8.0 
CB38 37.8 24.6 —13.2 6.2 | 
CBH | 23.5 
CB4 3.0 14.6 11.6 | 5.6 
| 11.2 15.2 4.0 4 
Average. . | 9.6 14.4 5.4 4.2 56 -F A 
3 CB15 | 21.6 11.3 —10.3 2.8 2.4 
CBI6 10.8 7.7 —3.1 | 2.4 as. 
CB22 | 1.3 6.0 4.7 2.4 
CB24 | 5.8 14 | —4.4 0.3 
CB%6 | 1.8 4.9 3.1 
5.5 2.7 23 


6.1 —1.2 2.0 25 Ar 
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Or Glucose Oxidation—In the presence of high concentration of pyruvate 
(40 mM per liter), the oxidation of glucose is less than | um per gm. per 


TaBie V 


Ret Effect of K and Na Ions on Glucose Uptake and Glucose Formation from Pyruvate 
by Rat Liver Slices in Vitro 


_— All results expressed in micromoles of glucose per gm. of wet liver per 90 minutes. 
Medium No. Experiment No. [Net change of glucose. Glucose uptake 
| CBI 6.6 18.3 
| CB2 4.0 20.0 
CB3 —3.0 15.7 
| CBS | —9.0 | 15.6 
CB9 0 13.5 
| CB10 | —7.0 14.9 
CB12 7.0 | 33.0 
CB13 6.4 45.6 
-6.0 11.0 
CB32 9.4 27.7 
CB33 8.0 39.8 
| 2 CB10 18.0 23.2 
CB12 17.0 29.7 
CB13 19.4 39.1 
17.0 | 18.7 
CB28 33.3 24.7 
CB29 | 43.0 19.6 
CB30 38.6 24.4 
| CB31 | 36.8 17.1 
CB3A | 28.5 25.0 
CB35 15.7 21.8 
CB38 26.2 24.8 
' CB4l 34.2 25.5 
; CB46 | 12.0 | 26.4 
CBA7 36.2 | 24.1 
Average... 26.8 | 25.6 23.2 
| 3 CBs 45.0 19.4 27.4 
40.0 
27.5 18.0 
CB24 31.0 14.8 
CB26 36.4 24.7 
| 38.5 25.6 


Average. . | 36.4 17.0 26.4 
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90 minutes. No significant difference is observed among the three media 


studied. 


Taste VI 


Effect of K and Na Ions on Pyruvate Disappearance, Pyruvate Oxidation, and Lactic 


Acid Formation in Rat Liver Slices in Vitro 


All results expressed in micromoles of pyruvate or lactate per gm. of wet liver 


per 90 minutes. 
Medium No. | Experiment No. Pyruvate disappeared Pyruvate oxidised Lactic acid formed 
1 CBI — 33.3 
CB2 3.8 67.5 
CB3 34.7 46.0 
CB8 | 978.0 | 33.7 66.0 
= —285.0 | 36.6 51.4 
CB12 | 
CB13 | 
— 223.0 31.8 55.0 
CB32 74.1 
CB33 64.0 
— 267.1 33.5 61.9 
2 CB10 — 288 .0 36.0 53.5 
CB12 
CB13 
CBl14 — 232.0 28.0 76.0 
CB28 — 252.0 88.5 
CB29 — 264.0 73.1 
CB30 — 255 .0 97.0 
CB31 — 237 .0 83.5 
CB34 37.4 58.9 
CB35 38.0 58.2 
CB38 — 278.0 96.4 
CBAl 87.0 
CB45 71.7 
CB46 71.3 
3 CB15 — 258 .0 26.7 78.8 
CB16 — 267 .0 23.7 80.8 
CB22 — 273.0 87.1 
CB24 —218.0 76.6 
CB26 — 261.0 36.6 83.5 
CB27 — 269.0 30.6 86.8 
—258.0 29.4 82.3 
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DISCUSSION 


From the studies on glycogen formation (1-3), it has been inferred that 
the normal intracellular ionic environment is better preserved in a potas- 
sium-rich medium than a sodium-rich medium, and that the maintenance 
of the normal potassium and sodium concentrations in the intracellular 
fluid has a decided influence on enzymatic activities of the liver cells in 
vitro. The data presented here furnish quantitative evidence that these 
ions influence more than one of the intermediary steps of carbohydrate 
metabolism in the liver slice system. They, therefore, substantiate and 
strengthen the conclusions previously reached. 

The changes in potassium and sodium concentrations in liver slices incu-. 
bated in media with varying concentrations of these ions have been re- 
ported by Flink, Hastings, and Lowry (16). These authors have come to 
the conclusion that the concentration of potassium ions in the incubation 
medium required to maintain a normal intracellular potassium concentra- 
tion of liver slices during incubation appears to be about 38 mm per liter, 
and that, with an extracellular potassium concentration of less than 5 mM, 
per liter, the intracellular potassium concentration decreases markedly and 
irreversibly. 

Our experimental conditions are quite similar to those employed by 
Flink and coworkers. The potassium ion concentrations in our Medium 
2 (40 mo per liter) and Medium 3 (5 mo per liter) are close to the critical 
concentrations observed by them. It seems reasonable to assume that 
the levels of intracellular potassium concentration in the liver slices in our 


_ experiments may be predicted on the basis of the data of Flink et al. The 


_ differences in the results obtained with the three media in the present 


study could be ascribed to the changes of the intracellular potassium con- 
centration in the liver slices incident to incubation in these media. 

It was at first thought that the importance of potassium ions for the 
phosphorylation of pyruvate (17) could account for the greater amount of 
glycogen formed from pyruvate in high potassium media. Since, how- 
ever, the total amounts of glucose plus glycogen formed were essentially 
the same, whether the potassium concentration was 110, 40, or 5 mm per 
liter, this explanation is inadequate. In order to bring out these facts 
more clearly, we have plotted the mean values of the glucose and glycogen 
formed from pyruvate in the three media (Fig. 1). To account for these 
results, it is necessary to assume either that the conversion of glucose-6- 
phosphate to glycogen is facilitated by potassium ions, or that they are 
inhibitory to the activity of glucose-6-phosphatase. Nor can the possi- 
bility be overlooked that sodium ions exert effects on the same enzyme 
reactions but opposite in direction to those exerted by potassium ions. 

The effects of decreasing potassium and increasing sodium on glucose 
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uptake and its conversion to glycogen are graphically summarized in 


Fig. 2. The lower the potassium concentration, the less is the glucose 

25 

a GLUCOSE GLUCOSE GLUCOSE 

~ 

= lio 

GLYCOGEN GLYCOGEN 
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Fic. 1. The mean values of glycogen and glucose formation from pyruvate in the 
three media studied are compared. The concentrations of potassium and sodium 
ions in the three media are given at the bottom of the chart. 
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Fic. 2. The mean values of glucose uptake (total height of columns) and glycogen | 
formation from glucose are compared among the three media studied. The con- 
centrations of potassium and sodium ions in the three media are given at the bottom 
of the chart. , 


uptake and the less is glucose converted to glycogen. This would appear 


to indicate that potassium in some manner aids in the conversion of glu- 
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cose to glucose-6-phosphate as well as in the further reactions leading to 
glycogen formation. 

Although the exact manner by which potassium ions influence those 
aspects of carbohydrate metabolism in liver reported above have not been 
identified, it is felt that the present observations give additional support 
to the hypothesis that the maintenance of a normal intracellular ionic 
environment is essential for the normal metabolic activity of the liver 
cells. 

SUMMARY 


1. A medium containing K 110, Mg 20, Ca 10, HCO; 40 mm per liter, 
and enough Cl for electrolytic balance was found to be most favorable 
for glycogen synthesis from either glucose or pyruvate by rat liver slices 
in vitro. 

2. By using C-labeled glucose and C-labeled pyruvate as substrates. 
the uptake and output of glucose, the formation and breakdown of glvy- 
cogen, the sources of glycogen, glucose, and CO, carbons, and the fate of 
pyruvate carbons have been studied. 

3. The effects of varying potassium and sodium ion concentrations in 
the incubation medium on these aspects of carbohydrate metabolism have 
been investigated. 


We are indebted to Dr. A. K. Solomon and the Biophysical Laboratory 
for assistance in the determination of the radioactivity of our samples. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 
VI. THE BREAKDOWN OF BACTERIOPHAGE Ty,rt* 
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Direct chemical evidence has shown that the infecting bacterial virus 
particle is extensively broken down during the reproductive process (1, 2). 
This finding supports the interpretation of various studies of bacteriophage 
reproduction by geneticists, who have postulated that the virus is broken 
down to smaller units shortly after infection (3-6). The disruption of the 
virus particle upon infection of the host cell has also been suggested for 
the vaccinia, influenza, and psittacosis systems, because in all these cases 
it is not possible to recover more than a small fraction of the active virus 
from the infected cell in the initial stages of infection (7-9). Probably 
the observed breakdown of the bacteriophage particle is only an example 
of a general phenomenon involved in the reproduction of most viruses. 

In an earlier investigation (1) Putnam and Koaloff infected Escherichia 
coli cells with P*-labeled bacteriophage T,r* and measured the distribution 
of the isotope in the final lysate. Most of the isotope was found in non- 
viral soluble fractions, but about one-third of the isotope was found in the 
viral progeny. More recently Lesley, French, Graham, and van Rooyen 
(2) have found that P®-labeled T,r* bacteriophage is broken down follow- 
ing the infection of the host cell, and they have carried on kinetic studies — 
of the process. 

Experiments have now been performed with N'-labeled bacteriophage 
Ta* and with phage doubly labeled with N and P®. It has been found 
that the protein portion of the virus, as well as the nucleic acid portion, 
is broken down during the reproductive process. However, a small frac- 
tion of the parent virus nucleic acid and protein N is contributed to the 
progeny. Experiments bearing on the mechanism of the contribution of 
the parent virus material to the progeny are presented in another paper (10). 


EXPERIMENTAL 
Procedure 


Preparation of N'*- and P®-Labeled Bactertophage—Host bacteria, E. coli, 
strain B/1, were grown with aeration to a concentration of 2 or 3 x 108 
* Aided in part by a grant from The National Foundation for Infantile Paraly- 
sis, Inc 
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cells per ml. in lactate medium (11) containing 0.05 per cent N'°H,C| 
(62 atom per cent excess N'*) as the source of N. In some experiments 
the phosphate of the medium was reduced to one-tenth its usual concentra- 
tion and HP*#O,” (obtained from Oak Ridge National Laboratory) was 
added, so that there was 1 to 3.5 ue. of P® per ml. The bacteria were then 
multiply infected with T, bacteriophage (4 Ts per bacterium) in the iso- 
topic medium. The resulting singly or doubly labeled new phage was 
purified by differential centrifugation (11, 12). Phage produced in this 
manner was uniformly labeled in all fractions and possessed the same iso- 
tope concentration as the medium in which it was grown. The contri- 
bution of the unlabeled virus used to produce the labeled phage was so 
small that it could not be detected. Details of the growth conditions, 
the method of assay, and chemical methods are given in earlier papers 
(11, 12). 7 

Purity of Bacteriophage Preparations—(1) Infectivity measurements were 
routinely made on all preparations. There was 10~'*-*® or less gm. of N 
per plaque-forming particle in all preparations (11). (2) The ability of 
the phage to kill bacteria was used to determine the number of phage 
particles in several preparations. Phage and bacteria were mixed together 
(usually 1 T, per bacterium), incubated for 5 minutes, and then the number 
of unadsorbed T, and the live bacteria determined. As the phages are 
distributed among the bacteria in a Poisson distribution (13), the number 
of uninfected bacteria (7.e., bacteria producing colonies) is related to the 
number of phages added. The titer of phage preparations determined in 
this manner agreed within 10 to 15 per cent with the plaque count assay. 
This shows that the virus preparations did not contain inactivated phage 
which was sufficiently intact to kill a bacterium. (3) Bacteriophage 
preparations were routinely analyzed in the ultracentrifuge. Every prepa- 
ration was found to consist of at least 99 per cent of a single component 
and, as discussed in detail by Putnam (14), to conform to rigid physico- 
chemical criteria of homogeneity. (4) Earlier work has shown that phage 
preparations purified by our differential centrifugation procedure are ho- 
mogeneous upon electrophoresis and are free of host antigenic material 
(12). (5) It was found that as much as 97 per cent of the N' and 91 per 
cent of the P® of the infecting virus particles were adsorbed by the bac- 
teria within the first few minutes of infection. In view of the breakdown 
of the phage which occurs upon adsorption, these values indicate that 
there can be very little contamination in the preparations. 

One can conclude that all the isotope introduced into the experimental 
system is in the virus particles, and the distribution of the isotope resulting 
from phage multiplication can be related to the mechanism of repro- 
duction. 
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Infection with Labeled Virus—Bacteria were grown in isotope-free lac- 
tate medium, centrifuged in a refrigerated Sharples supercentrifuge, and 
finally resuspended in saline. A known number of bacteria was then 
pipetted into about 200 ml. of warm lactate medium to give a bacterial 
concentration of 1 to 2 X 10° per ml. The bacteria were immediately 
multiply infected with a known amount of pure labeled Ts. The suspen- 
sion was aerated at 37°, usually for 5 minutes, until most of the virus had 
been adsorbed. The infected suspension was then angle-centrifuged at 
3500 X g for 7 to 8 minutes to sediment the infected bacteria but not the 
unadsorbed phage. The supernatant was removed, chilled, and immedi- 
ately assayed for unadsorbed phage, and later analyzed for its isotope 


I 
Distribution of Isotop after Multiple Infection of E. coli with Bacteriophage T, 
Containing N'** 
Material Volume content N'#concen- nus | Rer cent of 
mil. N per mi. 
Non-sedimentable 2240 70.5 | 0.212 33.4 25 
Crude 1350 0.084 97.2 | 
Bacterial débris........... 73.6$ 45.8 
High speed supernatant .......... 8.3 


* Experiment N'*-IIB. Multiplicity of infection was 4.8 T, per bacterium. The 
phage contained 62 atom per cent excess N°. 

t Isotope split off during adsorption, corrected for non-adsorbed Ts. 

t Calculated by difference. 

§ Calculated from the titer of phage (in the lysate) and its N content. 


content. The bacterial pellets in the centrifuge tubes were resuspended 
in a large volume of lactate medium to give a concentration of infected 
cells about 2.5 X 10° per ml. Incubation was continued for 7 to 8 hours, 
when visible clearing usually occurred and virus liberation was complete. 
The phage progeny were then isolated. Under these conditions of mul- 
tiple infection, normal bacterial multiplication ceases (11, 15, 16), lysis 
inhibition ensues (15), and the phage produced represents a single genera- 
tion of new virus uncontaminated with any live or dead unadsorbed parent 
virus. 
Results 

Infection with N“°-Labeled Bacteriophage T,—The distribution of the iso- 
tope in the fractions or solutions obtained after multiple infection of FE. colt 
with N'-labeled bacteriophage T, and the purification of the progeny is 
shown in Table I. In this experiment the multiplicity of infection was 4.8 
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T, per bacterium and the titer of the final lysate was 3.7 X 10'° Ts bac- 
teriophage per ml. Since the bacterial concentration at the time of infee- 
tion was 2.7 X 10° per ml., the yield of progeny virus per parent particle 
was 28.5. 


The complete isotope balance shows that most of parent viral N appears | 


in non-viral fractions and that the resulting progeny contained only 18 
per cent of the original N of the parent virus. 25 per cent of the viral 
nitrogen was split off upon adsorption. The balance of the parent T, N" 
appeared in the soluble material in the supernatant and in the bacterial 
débris resulting from lysis of the cell. 

The amount of parent material appearing in the progeny can also be 
calculated from the yield of progeny virus per infecting particle. The per 
cent of parent N appearing in the progeny equals 


Isotope concentration of progeny 
(Isotope concentration of parent)/(yield of progeny per parent) 


100 X 


In this experiment the per cent of parent N appearing in the progeny 
calculated from this equation was 18 per cent. In all experiments, values 
for the amount of parent N in the progeny calculated from either N“ 
balance or from the yield per parent particle agreed with each other within 
10 to 15 per cent. 

Effect of Multiplicity of Infection upon Virus Disruption—Initial obser- 
vations on the splitting off of parent N were made when the bacteria had 
been infected with at least three virus particles per bacterium. It was 
conceivable that these results might be misleading if the secondarily in- 
fecting particles were attacked differently from the first particle to reach 
the cell. Our earlier experiments had suggested that all the phage par- 
ticles adsorbed within the first few minutes behaved identically (1). Re- 
cently Lesley and coworkers (2) have investigated the breakdown of P®- 
labeled phage and have shown that there is an effect of the multiplicity 
or time of infection; the phages adsorbed in the first few minutes are broken 
down much less than succeeding phages. However, under our conditions 
all virus particles are broken down to the same extent upon infection; 
as shown in Table II. In these experiments, young bacteria, suspended 
in lactate medium at a concentration of 2 < 10'® per ml., were infected 
with various amounts of N'-labeled Ts, and aerated vigorously. Although 


this bacterial concentration is higher than normal, good phage growth | 


occurs upon dilution with more medium. Samples were withdrawn after 
5 and 10 minute periods, chilled, and centrifuged. The isotope and virus 


1 It has also been found that the multiplicity of infection has no effect on the 
amount of parent material contributed to the progeny (10). 
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bae- | content of the bacteria-free supernatant was then determined. It should 
fee: | be pointed out that adsorption was 95 per cent complete in 5 minutes. 


Tasie II 

ears | Effect of Multiplicity of Infection on Breakdown of N**-Labeled T, Bacteriophage 
y 18) Sehloliciey Isotope in Total 

. Time of Isotope Virus N 

alom 

erial Tope min. | for cent exces totaly Ny NM Nu | per cont 
* 1/5 5 75.6 | 0.050 | 0.0378 | 0.0132 0.0246 | 0.256 10.2 
7 10 69.2 | 0.057 | 0.0304 0.0051 | 0.0343 | 0.256 | 13.6 

per 1/2.5 5 71.4 | 0.102 | 0.073 | 0.0192 | 0.05388 0.50 | 11.1 

10 | 66.2 | 0.102 | 0.066 | 0.0059 0.0617 | 0.50 12.5 


1/1 5 | 74.4 0.140 | 0.104 0.0201 0.084 | 1.05 8.2 
10 69.0 O.111 | 0.111 0.0132 0.008 9.5 
2.5/1 5 75.2 0.221 | 0.166 0.034 0.132 1.915 7.05 
| 67.6 0.308 | 0.206 0.007 0.199 1.915 | 10.5 
geny 5/1 5 | 72.4 0.545 | 0.395 0.085 0.310 4.83 6.5 
10 =678.4 0.910 | 0.714 0.089 4.83 
thin * Bacterial concentration was 2 X 10” ml. 
A-LOW SPEED SUPERNATANT > 
B- HIGH SPEED SUPERNATANT N!S 
had C- SUPERNATANT AMMONIA a 
was 
r in- 4 
it 
ions PER CENT OF N LABELED 1, ADSORBED 


ion,' Fic. 1. The relationship between the amount of N'* split off labeled bacterio- 
ded | Phage and the virus adsorbed. Curve A, non-viral N'* which could not be sedi- 
oted mented at 3500 * g; Curve B, non-viral N' which could not be sedimented at 18,000 
| Xg. Both Curves A and B have been corrected for unadsorbed virus in the super- 
M2 F natants. Curve C, N'* which could be distilled over by the addition of alkali. 
wth | These curves represent the first 12 minutes of infection. 


irus Kinetics of Breakdown of Infecting Virus Particle—During the initial 
stages of infection the amount of virus N split off is directly proportional 


) the to the virus adsorbed in a given experiment. This is shown in Fig. 1, 
which represents the first 12 minutes of infection. The bacterial concen- 
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tration was 2 X 10° per ml. and the final multiplicity was 6 Ts. per bace- 
terium. Samples were removed at 2, 5, 8, and 12 minutes and the amount 
of N" split off determined. A portion of the supernatant obtained by 
centrifuging at 3500 X g was again centrifuged at 18,000 X g to remove 
practically all the unadsorbed phage, and then assayed and analyzed, 
Curves A, B, and C in Fig. 1 show that each virus particle is treated iden- 
tically, each being partially broken down at the time of adsorption and 
penetration. The amount of N" split off in 12 minutes which could not 
be sedimented at 3500 K g amounted to 16 per cent of the total virus N, 
and the N'® not sedimentable at 18,000 X g amounted to 11 per cent of the 


LYSIS COMPLETE, 
75 


Fic. 2. The breakdown of N'*-labeled parent Ter* bacteriophage during virus 
growth. O, Experiment N'-III-K,: Curve A, non-viral N'* which could not be 
sedimented at 3500 x g; Curve B, non-viral N'* which could not be sedimented at 
18,000 « g; Curve C, N'* which could be distilled over by the addition of alkali. @, 
Experiment N'*-IV-K,: Curve A’, non-viral N'* which could not be sedimented at 
3500 X g. 


total virus N. Also, at this time, about 1 per cent of the original virus N 
could be distilled after addition of alkali, and consists mainly of ammonia 
N" and any amide N'*. These curves, when extrapolated back to zero 
adsorption, show that there was no non-viral N' in the labeled parent 
preparation. 

Two experiments were performed in which the appearance of non-viral 
N'® was followed until lysis was complete. The results of these experi- 
ments are given in Fig. 2. In both experiments the initial adsorption of 
virus was carried out in one-tenth the final volume of the lysate. After 
allowing 10 to 12 minutes for adsorption, the infected cells were sedimented 
and resuspended in the larger volume of warm lactate media. Samples 
were removed for analysis as in the previous experiments. The per cent 
of phage N split off was calculated from the actual amount of virus ad- 
sorbed. In these experiments, it was necessary to isolate the phage re- 


leg 
co 
a 
vir 
of | 
wh 
vl 
the 
Th 
| co 
LYSIS BEGINS | in 
: 
3525 | | 
| 
MINUTES 
tha 
The 
use 
sphi 
Ta 
pea 
tiv 
| at | 
co 
tot 
| per 
obse 
2 
min 
twee 
only 


L. M. KOZLOFF 89 


leased at various times and to determine its isotope content so that a 
correct measure of the non-viral isotope in the supernatant could be made. 

35 to 40 per cent of the viral N is found free of the infected cell within 
a short time after adsorption is completed.2?, In Experiment N**-ITI-K,, 
where samples were taken at short intervals, after the initial release of 
viral N no more non-viral N'* appears until lysis begins. Then the amount 
of soluble N'* increases until lysis is complete. The soluble N'*, appearing 
when lysis begins, may consist of non-diffusible fragments of the infecting 
virus particle or may be due, at least in part, to the disruption of some of 
the progeny when they are secondarily adsorbed on infected bacteria. 
The data clearly show that most (60 to 80 per cent) of the N originally 
contained in the infecting particle is not contributed to the viral progeny. 

Chemical Nature of Parent Virus Material Split Off Initially—The break 
in the curve of the appearance of non-viral material (Fig. 2) suggested 


III 
Release of N'* and P*® from Host Cells after Infection with Doubly Labeled 
Bacteriophage T «r* 

Experiment No. Time of incubation| Virus Ni released Virus P® released cent of 
| 23 | 8.9 0.26 
10 21 36 0.58 


that a specific part of the phage was being split off upon infection. 
The chemical nature of this material was investigated with doubly la- 
beled parent phage. Phage containing both N' and P® was prepared and 
used to infect host bacteria. The ratios of the amounts of N' and P® 
split off during the adsorption of this doubly labeled phage are given in 
Table III. In the initial stages of infection there is much more P® than 
N® released from the infected cell, but as infection proceeds, more N" ap- 
pears in the supernatant. The appearance of non-sedimentable radioac- 
tive phosphorus indicates that the virus desoxyribonucleic acid (DNA) is 
at least partially disrupted during infection. If the nucleic acid is being 
completely broken down, the N'® coming from nucleic acid ding 
to the P® values in Table III can be calculated to be 4.5, 14.0, Ind 18.4 
per cent, respectively, for the three experiments (see (12)). The values 
observed for N' were 2.3, 6.5, and 21 per cent after 4, 7, and 10 minutes 


*The degradation processes initiated during adsorption continue for about 10 
minutes after adsorption is complete. It is clear that the linear correlation be- 
tween the amount of N' split off and the number of phages adsorbed will be found 
only during the initial stages of infection. 
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respectively. Because of the relatively small amounts of material which 
are released in the very early stage of infection, the presence of only a little 
non-viral P* could cause the discrepancy between the values observed 
and those calculated above. However, it is possible that the nucleic acid 
P is split off the virus nucleoprotein first, or diffuses out of the cell more 
readily than the nucleic acid bases. In either case, the relative amounts 
of N'® and P® released from the infected cell correspond to that expected 
for the virus nucleic acid. From this fact it can be concluded that the 
breakdown of the parent virus nucleic acid precedes the breakdown of the 
virus protein. 

Chemical Nature of Parent Virus Material in Lysate—In the previous 
experiments with P®-labeled Ts, the non-sedimentable P® resulting after 
lysis was found in a heterogeneous group of compounds. The extent of 
the destruction was indicated by the fact that about 30 per cent of the P 
(originally in the virus as DNA) could be precipitated as inorganic 
phosphate. The experiments with N'*-labeled phage also indicate that 
extensive disintegration of the infecting phage occurs with the formation 
of a mixture of products. Fig. 2 shows that about 15 per cent of the non- 
viral N'® which cannot be sedimented at 3500 X g can be sedimented at 
- 18,000 X g. Further, upon lysis, 7 per cent of the original parent virus 
N"® is present either as free ammonia N or as free amide N. When the 
high speed supernatant was treated with cold trichloroacetic acid, 87 per 
cent of the N™ in this fraction was soluble in this reagent. From these 
facts it is clear that the virus nucleoprotein is broken down to very small 
fragments. 

The relative amount of parent T, N' found in the non-sedimentable 
fraction, as compared to that found in the débris in the lysate, was found 
to vary with the time of incubation. Fig. 2 shows that up to 80 per cent 
of the N'® was in a non-sedimentable form, but when a small portion of 
this lysate was incubated further, growth of phage-resistant bacterial mu- 
tants occurred. Since these bacterial mutants are centrifuged down with 
the detritus from the lysed bacteria, the N™ assimilated by these bacteria 
increased the amount of N" in the débris fraction of this portion of the 


lysate. 
DISCUSSION 


The results obtained with isotopically labeled bacteriophage show that 
no major chemical fraction of the infecting virus particle survives infee- 
tion. The virus protein and nucleic acid are extensively broken down 
during intracellular reproduction. This fact must be considered in pro- 
posing any mechanism for the adsorption of the phage onto the host cell 
and its penetration through the bacterial surface to the interior of the 
cell. The destruction of the parent virus is also of considerable importance 
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in relating the appearance of some parent virus material in the progeny 
to various mechanisms of virus reproduction. This point is discussed in 
another paper (10). 

Puck, Garen, and Cline (17) have demonstrated that the phage is ini- 
tially attracted and bound to the bacterial surface by ionic forces. While 
this phase of the adsorption process is reversible, further irreversible re- 
actions normally occur with actively metabolizing host cells. The experi- 
ments reported here bear on the irreversible binding between the host cell 
and the virus particle, and show that this binding is associated with the 
destruction of the virus and the release of a variety of viral fragments. 
However, it is not clear whether the initial viral breakdown occurs during, 
and as part of, the process by which the virus penetrates the cell, or shortly 
after the virus is inside the cell. In either case, it seems likely that the 
disintegration of the virus continues inside the cell. 

If the initial destruction of the virus particle is performed by enzymes 
on the bacterial surface, the products of the reaction would be released 
directly into the medium. The appearance of these viral components 
free of the bacterial cell in the medium would then be a direct indication 
of the reactions which were occurring. But if the breakdown occurred 
solely inside the cell, the appearance of these various products in the 
medium might be a reflection of their ability to diffuse out of the cell and 
would indicate only indirectly the nature of the reactions which had oc- 
curred. Therefore, until the sites of the virus breakdown can be estab- 
lished, there must be some reservation about interpreting the data on the 
rate of the destruction and the nature of the products. 

There is another point to be considered. Are all the virus particles 
treated identically by the host cell? These experiments suggest that they 
are. When there was only 1 Ts, phage per 5 bacteria, 14 per cent of 
the viral N'® was liberated within 10 minutes. This shows that the initial 
infecting particle is broken down, since this amount of N" is much too 
large to be due to the few phages which are secondarily adsorbed on in- 
fected bacteria. It also appears that the secondary infecting phage par- 
ticles must be broken down to about the same extent as the initial particle, 
since the amount of N® split off was independent of the multiplicity of 
infection (from 1 Ts, per 5 bacteria to 5 Ts per 1 bacterium). The fact 
that at high multiplicities the amount of N* split off was proportional 
to the virus adsorbed also shows that all the virus particles are being 
broken down to the same extent. This conclusion must be qualified to 
apply only to phage adsorbed within the first 5 minutes or so of infection. 
In these experiments adsorption was practically complete in this time, and 
so there is no information on the fate of particles adsorbed on infected 
cells at much later times. 

In contrast to the above conclusion, Lesley, French, Graham, and van 
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Rooyen (2) have claimed that during multiple infection phages adsorbed 
on bacterial cells at different times are not treated the same, but are broken 
down to various degrees. Using P*-labeled T, bacteriophage, they found 
that only 5 per cent of the P of phage adsorbed in the first few minutes 
is broken down to a form which is soluble in trichloroacetic acid, but that 
55 per cent of the P of phage adsorbed later is soluble in this reagent. 
These workers have also found (18) that the breakdown of the secondarily 
infecting phage particle may be stimulated by prior infection of the cell 
with a number of related, but different, bacteriophages. This apparent 
lack of agreement may perhaps be attributed to the different experimental 
conditions which were used. Lesley et al. followed P instead of N, and, 
as has been shown, there are differences in the rates at which these two 
virus components are broken down and released from the infected cell. 
In addition the bacteria used by these workers were grown in nutrient 
broth and therefore differed enzymically from the cells used in our experi- 
ments*® which were grown in synthetic medium. It is possible that the 
reactions they measured, which indicated a greater breakdown of the 
phages infecting at later times, may proceed at a slower rate in our system 
or may even be concealed by the relatively large amount of acid-insoluble 
material which is measured by our methods. However, there is general 
agreement that in the first few minutes all the virus particles are treated 
identically by the cell. Finally, it might be pointed out that Dulbecco 
has found by genetic analysis that at least eight to ten virus particles can 
participate in intracellular virus reproduction (19). 


The author is indebted to Dr. E. A. Evans, Jr., and Dr. Frank W. Put- 
nam for advice and encouragement in this work. The ultracentrifuge 
analyses of the virus preparations were kindly performed by Dr. Putnam. 


SUMMARY 
The fate of isotopically labeled Escherichia coli bacteriophage Tort has 
been investigated. N'® and P® were incorporated into the virus by growth 
of the virus on its host in synthetic lactate medium containing these iso 


topes. The following results were obtained. 

1. The fate of the infecting virus particles was independent of the mul- 
tiplicity of infection; all virus particles were partially broken down upon 
adsorption. 

2. Up to 80 per cent of the parent virus desoxyribonucleic acid and 


3 It has been found recently (Graham, A. F., personal communication) that bae- 


terial cells grown in lactate medium cannot be stimulated by a primary infectiot) 


to break down secondarily infecting phage particles the way broth-grown bacteria 
cells can be stimulated (18). 
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protein N was extensively broken down to a variety of small fragments 
during virus reproduction. About 40 per cent of the parent N was split 
off in the first 20 minutes of infection before any lysis had occurred. Little 
or no viral protein appeared to be broken down in the very early stages 
of infection in contrast to the marked destruction of virus nucleic acid 
which occurred in this period. 

3. A significant fraction (about 18 per cent) of the parent viral N ap- 


peared in the viral progeny. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 


VII. THE APPEARANCE OF PARENT NITROGEN AND PHOSPHORUS 
IN THE PROGENY* 


By LLOYD M. KOZLOFF 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, July 23, 1951) . 


It has been previously shown that a small portion of the phosphorus 
and nitrogen of bacteriophage T «r+ appears in the viral progeny resulting 
after infection of the host, Escherichia coli (2, 3). The object of this in- 
vestigation was to determine the nature of the parent virus contribution 
and its réle in the production of the new virus particles. 

The presence of material from the parent virus particle in the nucleo- 
protein of the viral offspring suggests two possible pathways of transfer. 
(a) The contribution of parent material may be a specific and obligate 
part of the reproductive process. Since bacterial viruses have distinct 
genetic properties, it might be supposed that there are in the phage genetic 
structures which are conserved and transmitted to the progeny. Such a 
mechanism would certainly account for the specificity of the replication 
process. (b) Alternatively, the parent material contributed to the viral 
progeny may not be directly involved in the reproductive process. Since 
the infecting virus particle is largely broken down during reproduction (2), 
it is possible that fragments of the parent virus are used in a relatively 
non-specific manner for the synthesis of the progeny nucleoprotein. 

An attempt has been made to distinguish between these two possible 
mechanisms by the use of isotopically labeled parent bacteriophage. Ex- 
periments have been performed in which the distribution of the isotope 
would indicate which mechanism was involved. The assumption was 
made that if the parent bacteriophage material found in the progeny is en- 
tirely due to a specific mechanism in which the constituent genetic units 
of the parent virus are transmitted unchanged to the progeny, one could 
postulate certain necessary properties of the system which could be tested 
isotopically. These properties are as follows: (A) The amount and kind 
of material contributed by each parent phage to the progeny should be 
constant. (B) The amount of parent virus material contributed should 
be inversely proportional to any genetic damage of the parent particle. 
(C) The parent material involved should not be transmitted to unrelated 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
Presented in part at the meeting of the Federation of American Societies for Ex- 
perimental Biology at Cleveland, May, 1951 (1). 
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phages. If the contribution of parent material is independent of these 
properties, it can be concluded, within the limits of the isotope technique, 
that the appearance of parent virus material in the progeny is probably 
not directly related to the reproductive process. 


Methods 


A detailed description of the materials, methods, and techniques used 
in preparing N'- and P®-labeled bacteriophage Ter* and for infecting the 
host cells is given in previous papers (2-7). In the present experiments 
the following general procedure was used. The purified labeled T, was 
added to a concentrated suspension of the host cells, EZ. coli, in lactate 
medium. After allowing several minutes for adsorption, the infected bae- 
teria were centrifuged, the unadsorbed phage removed, and the bacteria 
resuspended in a larger volume of medium where virus growth was com- 
pleted. The amount of parent isotope appearing in the progeny was 
calculated, as described previously (2), from the total isotope balance and 
from the specific activities of the parent and progeny phages and the yield 
of progeny per parent. The purity of the virus preparations used in these 
experiments has already been discussed (2). 


EXPERIMENTAL 


Preparation of Differentially Labeled T, Bacteriophage—Bacteria were 
grown in lactate medium containing 3.5 uc. of P® per ml., then centri- 
fuged, washed, and resuspended in isotope-free medium, and immediately 
infected multiply with Ts phage. The host bacteria prior to infection had 
a specific activity of 1150 ¢.p.m. per y of P, while the new phage, which 
was isolated and purified, had a specific activity of 267 ¢.p.m. per y of P. 
It was concluded that 23 per cent of the virus P had been derived from 
the bacterial host. The new phages were thus labeled with P® only in 
that portion of their desoxyribonucleic acid (DNA) which had been con- 
tributed by the bacterial host (5, 4). 

Ultraviolet Light and x-Ray Irradiation of T, Bacteriophage—Pure labeled 
Ts was irradiated with ultraviolet light in saline at a concentration of 
1 X 10" T, per ml. with a General Electric germicidal lamp. 80 per cent 
of the light from this lamp is at a wave-length of 2537 A (8). To mini- 
mize mutual shielding of phage particles, the phage was placed in an open 
Petri dish on a shaking machine during the irradiation. The dose was 
calculated for each experiment by measuring the number of viruses sur- 
viving after a short period of irradiation (usually 30 seconds) and multi- 
plying by the total time of irradiation. Since the inactivation of phage 
follows a one-hit type of curve (8), the ultraviolet dose can be expressed 
as the average number of hits per phage particle. Then the number of hits 
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is the negative natural logarithm of the fraction of viruses surviving. To 
insure virus growth when high doses were given, it was necessary to mix 
an equal number of non-labeled live T, with the irradiated dead labeled 
phage prior to infection. In these experiments the isotope content of the 
mixture of viruses was determined and used in calculating the amount of 
parent virus material which appeared in the progeny virus. Ultraviolet- 
treated phage was adsorbed at the same rate as normal phage and good 
virus growth was obtained in all experiments. 

A separate sample of N™-labeled Ts was irradiated with hard x-rays for 
285 minutes at a rate of 900 roentgens per minute for a total dose of 257,000 
roentgens. The irradiated solution contained 10 per cent nutrient broth 
to protect the phage from indirect effects due to peroxides which are 
formed (9). As 99.81 per cent of the virus was inactivated, it was nec- 
essary to add live unlabeled phage to the irradiated phage prior to infection. 
There was good adsorption of the x-ray-treated phage (approximately 25 
per cent of the N'® was split off the infecting virus upon adsorption) and 
the titer of the lysate was 3 X 10'° Ts per ml. 

Growth of T; Bacteriophage and T, Bacteriophage in Same Culture—A 
washed concentrate of young E. coli cells in 10~* m phosphate buffer was 
multiply infected with T; bacteriophage.' After allowing 5 minutes for 
adsorption, the T;-infected cells were sedimented, the supernatant con- 
taining the unadsorbed T; removed, and the infected bacteria resuspended 
in a small volume of lactate medium at 37°. This solution was aerated 
for 3 minutes to allow the T; to start growing and then Ts, uniformly 
labeled with P®, was added. The infected bacteria were incubated for 
3 more minutes and again centrifuged to remove the unadsorbed labeled 
Ts phage. The final average multiplicities of infection were 6 T; per 
bacterium and 1.5 Ts per bacterium. The infected bacteria were finally 
resuspended in a large volume of lactate medium and incubated for 80 
minutes, at which time the suspension cleared, indicating that lysis had 
occurred. There was growth of both T; and T,; T; per ml. = 4.4 X 10°, 
Ts per ml. = 3.3 < 10°. The mixed lysate was assayed for Ts and T; on 
E. coli, strain B/1. The phages give different sized plaques which can be 
readily distinguished. In addition the Ts, titer was checked by assaying 
the lysate on the bacterial mutant B/3,4,7 which is resistant to T; but 
not Ts. 

The mixed lysate was subjected to the differential centrifugation pro- 
cedure? devised for T;. When the virus concentrate reached the usual 
final state at which point all non-viral substances have been removed, it 

'T; is a small round phage (10) unrelated to Ts, except in so far as they attack 


the same host, EF. coli. 
? Putnam, F. W., Miller, D., and Evans, E. A., Jr., in preparation. 
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was found that most of the T, had been removed. However, further 
centrifuging of the concentrate did not change the T;:T, ratio very much. 
It was possible, however, to remove practically all the T, from the virus 
concentrate by adsorbing it selectively on the bacterial mutant B/3,4,7. 
A saline suspension of B/3,4,7 was added to the virus concentrate, the 


TaBLe I 
Contribution of P** by Differentially Labeled Parent Phage to Viral Progeny* 


Calculation based on distribution of radioactivity in lysatet 


Fraction C.pm. per phage | Phage per mi. | per | 
Counts split off during T, adsorp- 
is 20 
Ts progeny in lysate.............. 2.3 X 10-"°$ | 6 X 10" 13.8 45 


Calculation based on c.p.m. per phage 


Yield of progeny T, per parent T, = 44 
C.p.m. per parent T, = 2.2 X 10°* 
C.p.m. per progeny T, = 2.3 X 10°” 

2.3 X 10°" 


Per cent in progeny = 100 X 


Calculation based on specific activity of phage 


Yield of progeny Ts per parent T, = 
Specie activity of parent T, = 267 c. m. per y P 
progeny T, = 2.67 c.p.m. per y P 


2.67 
Per cent in progeny = 100 X 74a = 44 


* The parent phage was differentially labeled by growth on P**-labeled host cells 
in unlabeled medium (see the text). 


t The principles involved in these calculations have been considered previously. 
t Determined on the purified progeny concentrate. 


solution incubated for 10 minutes, and then the Ts-bacterial complex re- 
moved by low speed centrifugation, leaving the T; in solution. After 
each adsorption of the T,, the T; in the supernatant was centrifuged and 
washed to remove the soluble radioactive compounds formed during the 
destruction of the T, occurring upon adsorption (2). 


Results 


It was necessary to determine whether several experimental variables, 
some of which could not be controlled, would obscure or influence the 


| 


Pp 

th 

th 

in 

2 
pe 

N! 
NI 
N} 

( 

r 

th 
co 
| fre 

in 

(4 

ex 

ly 

of 


les, 
the 


L. M. KOZLOFF 99 


properties which were of crucial interest in evaluating the pathway of the 
parent contribution. Therefore, the effect of the multiplicity of infection, 
the yield of phage per infected bacterium, and the differential labeling of 
the parent virus on the amount of parent material contributed were first 
investigated. 

Contribution of P from Differentially Labeled Parent Phage to Viral Prog- 
eny—The distribution of the P® resulting after infection with parent Ts 
phage differentially labeled by growth on bacteria containing P® was 
similar to that resulting after infection with completely labeled T. (3). 
20 per cent of the radioactivity was split off during adsorption (2) and 44 
per cent of the original radioactivity was found in the phage progeny 


II 
Effect of Multiplicity of Infection and of Yield per Bacterium on Contribution 
of Parent Virus N** to Virus Progeny 


Parent 
Experiment No. of | per | contributed to | 
per cent 
SRN, 2.5 188 13.3 1.3 
Se 4.8 132 18.0 1.6 
4.7 68 9.3 1.3 
........... 12.0 136 8.5 2.0 
4.9 183 17.1 2.6 
sei, 5.0 24 11.0 1.1 
83 37 5.1 1.5 
| 9.3 | 4.5 1.1 


* Multiplicity = parent N'*-labeled T, per bacterium. 
t The ratio is of the atom per cent excess N'* in the two progeny fractions. 


(Table I). The last result compares favorably with the values previously 
reported of 22 to 42 per cent for the amounts of P from uniformly labeled 


| parent T, which is contributed to the progeny. The 23 per cent of the 


viral DNA which originated in the bacterial host cell cannot account for 
the contribution of parent material to the progeny. The viral DNA 
coming from the host and the rest of the DNA which was synthesized 
from components in the medium evidently participate to the same extent 
in the reactions occurring in the infected cell.’ 

Effect of Multiplicity of Infection on Amount of Parent N Appearing in 


* Further, since the contribution of the bacteria to the virus protein is small 
(4), the entire parent phage can be considered as a single nucleoprotein unit in these 
experiments on the fate of the infecting virus particle. The contribution of the 
phage used in preparing what is called “parent phage’ amounts to much less than 
1 per cent of the total material and can be neglected, since as much as 18 per cent 
of parent phage N is contributed to the progeny. 
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Virus Progeny—It was of considerable importance to determine whether 
all the infecting virus particles can contribute equally to the virus progeny. 
Dulbecco (11) has shown by genetic studies that at least 8 to 10 phage 
particles can participate equally in intracellular virus reproduction. — Di- 
rect chemical evidence has also indicated that all N*-labeled’ virus par- 
ticles adsorbed within the first few minutes behave identically in the in- 
fected cells (2). The effect of different multiplicities of infection (T. per 
bacterium) on the contribution of parent N' to virus progeny is given in 
Table II. Varying the multiplicity of infection over a 4-fold range had 
no observable‘ effect on the parent contribution.’ Lower average multi- 


PROGENY 
b 


| 
YIELD OF Te PER INFECTING PARTICLE 
Fic. 1. The relationship between the yield of progeny bacteriophage Tgr* per 
parent particle and the concentration of parent N'* in the total progeny. The 
parent virus contained 62 atom per cent excess N'. 


plicities were not tested, since several cycles of phage growth would occur 
in the presence of uninfected bacteria. 

Effect of Yield of Phage Progeny per Bacterium on Quantity of Parent N 
Appearing in Progeny—Since the yield of phage per bacterium cannot be 


‘The rather large spread in the values may reflect the mechanism involved in 
the transfer, or may be at least partly attributable to differences in the amounts of 
phage progeny which are lost by readsorption on unlysed bacteria. It was found 
that the spread in values was not due to differences in the amounts of parent virus 
N which were split off in the adsorption flask. This material, amounting to 5 to 
40 per cent of the parent virus N, is not present in the flask where the major por- 
tion of the virus growth occurred (2). 

5 There is no real discrepancy between the values found for the amount of parent 
virus N contributed to the progeny (4.5 to 18.0 per cent) in these experiments and 
those reported previously (3) for the amount of parent virus P contributed to the 
progeny (22 to 42 per cent). It will be shown later that more parent virus DNA P 
than DNA N and also more nucleic acid than protein are contributed to the prog: 
eny. Therefore, measurements of the parent P contribution to the whole progeny 
give higher values than measurements of the parent N contribution. 
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held constant from experiment to experiment, it was necessary to determine 
whether the number of virus particles synthesized per bacterial cell af- 
fected the amount of parent N contributed. From the results given in 
Table II it can be seen that there is no correlation between the yield of 
phage and the quantity of N contributed. 

Relationship between Yield of Progeny per Parent Particle and Concen- 
tration of Parent N in Progeny—Figs. 1 and 2 illustrate the relationship 
between the concentration of parent N in the progeny (and the progeny 


NY 


NUCLEIC ACID PROTEIN 


PER CENT OF FINAL To TITER 


z 
10 
rs} 
Te) 22 
YIELD OF 1 PER INFECTING PARTICLE RELATIVE N° CONCENTRATION 
Fia. 2 Fria. 3 


Fic. 2. The relationship between the yield of progeny bacteriophage per parent 
particle and the concentration of parent N'* in progeny nucleic acid and protein. 
The parent virus contained 62 atom per cent excess N'. 

Fic. 3. The relationship in individual experiments between the number of virus 
progeny produced and their isotope content when the parent phage contained N'. 
The isotope content of the phage in the final lysate is called 1. O, Experiment 
@, Experiment N'-IV-Kz. 


nucleic acid and protein) and the number of progeny produced per in- 
fecting parent particle. In practically all the experiments the parent 
phage contained 62 atom per cent excess N'®. In those experiments in 
which the parent phage had a different concentration of N', the concen- 
tration of isotope in the progeny had been multiplied by the proper factor 
so that all the results are directly comparable. The larger the number of 
phages produced per infecting particle, the smaller is the concentration of 
parent material in the new virus. This shows that the parent virus does 
hot contribute a fixed amount of material to each new virus particle. 

Since the data plotted in Figs. 1 and 2 represent the results from many 
experiments, it was desirable to confirm this hyperbolic relationship in a 
single experiment by isolating phage at various times before lysis was 
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complete. Because it is difficult to determine the yield of phage per in- 
fecting particle as lysis is proceeding, the titers of the samples were com- 
pared with the relative isotope concentration of the phage (calling the 
isotope content of final phage in the lysate 1.0). The results of two ex. 
periments are given in Fig. 3. It is apparent that also in individual ex- 
periments the concentration of parent N in the progeny Ts decreases as 
the number of progeny increases. 

Contribution of Nucleoprotein by Parent T, to Progeny—On the basis of 
the first postulate advanced in the introduction, if the genetic part of the 
parent phage is a nucleoprotein and this is the only essential structure 
which is transferred from N'-labeled parent to offspring, then the ratio 
of progeny DNA N** to protein N' should be unity, provided that the 


Taste III 
Isotope Content of T', Progeny Produced after Infection with Virus Containing N™ 


— 


Bacteriophage fraction | content 
atom per cent excess per cent 
Progeny T¢........... | 0.390 18 


* Experiment N'*-IIB, yield of progeny per infection T, = 27. 


t Calculated as follows: 100 x 


nucleoprotein contributed and virus nucleoprotein have the same compo- 
sition. However, if they have different compositions, the ratio could be 
different from unity, but should nevertheless be constant from experiment 
to ‘experiment if a specific mechanism is involved. 

The isotope concentration of the progeny N fractions resulting after in- 
fection with N"-labeled parent virus in a typical experiment is given in 
Table III. In this experiment, and in most of the other experiments, the 
nucleic acid N of the phage progeny had a higher isotope concentration 
than the phage protein N, although the parent phage was uniformly labeled. 
The actual ratios of DNA N’'® to protein N'* in the progeny (given in 
Table II) varied from 1.1 to 2.6 in several experiments. Since these ratios 
are neither unity nor constant, it follows that there is no specific nucleo- 
protein which is contributed to the offspring by the parent bacteriophage. 

Contribution of N“* and P® by Doubly Labeled Parent T, to Viral Progeny 
—If the parent virus nucleic acid contributed to the progeny nucleic acid 
was in the form of an intact unit, the ratio (per cent of parent nucleic acid 
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N in progeny)/(per cent of parent nucleic acid P in progeny) should be 
unity, provided that the nucleic acid contributed and the nucleic acid 
synthesized have the same composition. The results of the experiments 
with T, doubly labeled with N' and P® are given in Table IV. The data 
show that the ratio differs from unity; more parent P than N was contrib- 
uted to the progeny nucleic acid. 

Contribution of N*® to Viral Progeny by Ultraviolet Light and x-Ray Ir- 
radiated N*-Labeled Bacteriophage—It has been shown by Luria and Dul- 
becco (12) that ultraviolet light-irradiated phage can participate in virus 
reproduction. They measured the probability of reactivation*® when sev- 
eral inactive virus particles infect a single bacterial cell and found that, 
for a given multiplicity of infection, the probability depends on the dose 


TaBLe IV 
Contribution of N** and P*? by Doubly Labeled Parent T, to Viral Progeny 
Nucleic Acid 
Parent Ts NA Progeny Ts NA Prose A 


Experiment No. NA 
~ | | | | 


140 3.0 19.2 0.73 
32.3 785 0.77 28.8 0.65 
22.0 376 0.60 16.6 0.62 


* Doubly labeled phage was irradiated with ultraviolet light (250 hits) and then 
supplemented with live unlabeled phage prior to infection. 


of radiation. Their results suggest that genetic structures within the phage 
are inactivated by ultraviolet light. It has also been found that phage 
inactivated by x-rays can participate in virus reproduction to only a very 
small extent (12). Evidently x-rays, too, inactivate the genetic portion 
of the bacteriophage. Therefore, on the basis of the second postulate 
advanced in the introduction, inactivation of the genetic material of the 
phage by ultraviolet light or x-rays should decrease the amount of material 
the parent could contribute to the progeny. 

The results in Table V show that neither ultraviolet light nor x-ray 
irradiation affects the amount of parent virus N' contributed either to 
the total progeny or the progeny nucleic acid or protein. Although the 
range of the ultraviolet dose given the parent phage extends from 2.1 hits, 
in which case multiplicity reactivation would occur almost all the time, to 


* Reactivation is the term used to describe the production of phage resulting 
after multiple infection with phage which had been irradiated by ultraviolet light 
and which were apparently dead. 
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more than 20 hits, in which case there is no probability of reactivation oe- 
curring (12), similar amounts of N'* were found in the phage progeny. 
Appearance of P from Parent T, Bacteriophage in T; Progeny—On the 
basis of the third postulate in the introduction for a genetic transfer of 
material, there should be no transfer of material from P*®-labeled parent 
T, to T; progeny when both are grown in the same culture. The con- 
ditions used to grow the phages’ and the methods used in removing the 


TABLE V 
Effect of Ultraviolet and x-Ray Irradiation on Contribution of Parent N* to Virw 
Progeny* 
| 
Irradiation Multiplic- Parent N"™ contributed to progeny Ty 
Experiment No. | | 

Type | progeny | | protein 

percent —per cent | per cent 

None 2.5-12  4.5-18 4.8-21.6 3.8-14.8 
x-Ray 6.25¢ 8.0 14.9 4.8 (14.8 
ee ....| Ultraviolet 2.1 | 2.5 8.0 10.4 6.0 
2.1 | 4.7 8.8 | 16.4 6.7 
2.1¢ | 4.7 10.3 14.4 5.6 
6.4¢ | 3.5 13.2 15.3 10.0 
N**.IVB........... 16.4¢ 5.2 13.1 | 18.5 9.1 
25.3t 5.0 9.7 6.7 
28.7¢ 5.2 9.1 8.2 
N“IVD.. 5.1 7.0 | 6.3 7.5 
“ 210.0 4.9 | 48 5.5 3.8 


° N'4abeled phage was inactivated by irradiation, as described in the text. 
The results are calculated on the average isotope content of the parent phage. 

t In these experiments the N*'-labeled — was supplemented with live un- 
jabeled phage. 


T,. from the virus concentrate have been described in a previous section.. 


Both Ts. and T; and considerable amounts of radioactivity were present 
in the purified virus concentrate (concentrate T;, Table VI) obtained from 
the mixed lysate. Removal of most of the T, made it possible to caleu- 
late the amounts of radioactivity in both the T; and T, by solving simul- 


7 When cells infected in this manner were plated on mixed indicator strains of 
bacteria, B/6 and B/3,4,7 (10), there were practically no clear plaques, showing 
that an infected bacterium liberates either T, or T; but not both phages. Although 
the T; was added to the bacterial cells first, there were still some uninfected cells 
present which were later infected by the labeled Ts phage. In this system, then, 
the principle of mutual exclusion holds (13) and the unrelated phages did not mul- 
tiply in the same host cell. 
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taneous equations (Table VI) relating the titers to the radioactivity. 
There can be little doubt that there is P* in both the T; and the T, progeny. 
The distribution of P® originally in the parent T, shows that, while 


TasBie VI 
P*®* Radioactivity of Phage Concentrates from Mixed T;-T, Lysate* 
Counts calculated 
Concentrate per ml. Teper mi. ©-P-m. per 
Te |Tr+Te 
Tit............., 10" 8 x 10 303 | 122 | 272 | 304 
ae. 8 xX 10% 422 | 147 | 272 | 419 
1.1 10" 168 119 37 156 
Serer 5 X 104 4 X 10° 160 160 14 174 
Calculated counts per phage] 


* All radioactivity was initially in the Ts, which was added 8 minutes after infec- 
tion with unlabeled T>. 

t Concentrate obtained after removal of all non-viral material. 

t Recycled T; concentrate. 

§ Successive concentrates obtained after removal of Ts by adsorption on E. coli 
strain B/3,4,7. 

| Calculated by solving the simultaneous equations relating the titers and the 
amounts of radioactivity. 

Tasie VII 


Distribution of Radioactivity after Infection with Unlabeled T; Bacteriophage and 
P*.Labeled T, Bacteriophage 


Fraction C.p.m. per phage | Titer of phage | ©-P-; Per |Per cent of 
Counts split off during Ts adsorp- | 
| 16 
| 3.4 10°° 3.3 10° 11.2* 37 


*Calculated from the titer and the radioactivities determined on the phage 
concentrates. 


the T, progeny contained 37 per cent of the P™, 4.6 per cent appeared in 
the T; progeny (Table VID). In view of the fact that Ts and T; do not 
multiply in the same cell and that therefore there can be no genetic inter- 
action in the usual sense between these two phages, the appearance of small 
amounts of P® from T, parent virus in T; progeny is probably due to the 
use of fragments of the DNA of the Ts for the synthesis of the T; nucleic 
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DISCUSSION 


If the criteria proposed earlier indicate necessary conditions for the 
chemical relationships involved in the transfer of genetic material, it can 
be concluded from the experiments reported here that the material contrib- 
uted by the parent virus to the progeny is mainly of a non-specific nature. 

The results show that the amount of parent material contributed to the 
viral progeny is not constant from experiment to experiment, but varies 
over a 4-fold range. This fact, by itself, does not argue against the trans- 
fer of genetic units, since in mass cultures some variation due to readsorp- 
tion of progeny phage may occur. Therefore, any conclusion about the 
mechanism or pathway must be based on the kind of material transferred 
or other properties which would be independent of readsorption. 

The variation in the ratios of progeny nucleic acid N'* to progeny pro- 
tein N" in the different experiments indicates that extensive rearrangement 
of the contributed parent virus material occurs. This would not be ex- 
pected if the genetic portion of the phage were a nucleoprotein which 
was involved in the replication process. Further, the greater conservation 
of the P of the parent nucleic acid as compared to the amount of N con- 
served would be hard to understand on the basis of the properties postu- 
lated for the transfer of a genetic unit. The phosphorus portion of the 
nucleic acid alone can hardly contribute any biological specificity. 

It can be proposed that various metabolic reactions, involving turn- 
over of materials, might explain the above results. For example, it can 
be assumed that there is a large initial contribution of parent genetic 
material to the progeny, and that the final observed chemical composition 
of the free virus is due to turnover of the various components. However, 
the irradiation experiments reported here show that the genetic units 
within the phage do not act as if their material were contributed to the 
phage progeny. Since x-rays, or doses of 100 or more hits of ultraviolet 
light, which inactivate all the genetic units of Tsr* (12) did not affect the 
contribution of parent phage N to the offspring, the variations in the chemi- 
cal composition of the material transferred are probably not due to the 
exchange of the materials of the genetic units of parent phage by turnover 
reactions. The conclusion becomes inescapable that the transfer of parent 
virus N and P to the progeny is largely independent of genetic units. 

* Experiments with labeled T; parent bacteriophage (Mackal, R., and Kozloff, 
L. M., unpublished experiments) also support the idea that turnover does not ap- 
preciably affect the interpretations of the results. In the T; system, lysis occurs 
in a very short time, 20 to 30 minutes, which would limit the time in which turnover 


could take place. Yet the results of the experiments on the fate of the parent T: 
bacteriophage parallel those obtained in the Tyr* system, where lysis takes several 


hours. This finding makes it unlikely that there is a large specific contribution of — 
parent T, material to the progeny, which is later reduced and apparently altered | 


by exchange reactions. 
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It cannot be claimed with complete assurance that absolutely no genetic 
units are contributed by the parent to the offspring. A small contribution 
of genetic units overlaid on the non-specific transmission of isotopic ma- 
terial would be hard to prove or disprove by these techniques. However, 
any genetic contribution must be very small indeed, since the total con- 
tribution of parent N and P (assuming 50 progeny per parent particle and 
the transfer of 15 per cent of the parent material) amounts to only about 
0.3 per cent of the total nucleoprotein of the progeny. 

The following series of reactions would seem to explain the results ob- 
tained in this and the previous investigations (2). The bacteriophage is 
partially disrupted upon penetration into the host cell. The portion of 
the infecting virus particle which penetrates the cell is able to induce the 
synthesis of new phage, but is also broken down at some later time. The 
actual amount of parent material found in the progeny, and its distribu- 
tion among the progeny, depends then on many factors, such as the rate 
of disintegration of the parent virus nucleoprotein, the rate of diffusion 
of the soluble portions in and out of the cell, and the rate of synthesis of 
the new nucleoprotein. Since the partial removal of extracellular soluble 
breakdown products of the parent virus does not influence the amount 
appearing in the progeny, it seems most likely that the breakdown products 
readily available within the cell are used to a greater extent than materials 
outside the cell. Finally, it must be assumed that the genetic portion of 
the virus must survive sufficiently long to pass on its heritable charac- 
teristics. 

This conception of the fate of infecting virus particle is different from 
that advanced in the initial investigation when it was suggested that the 
parent material contributed was in the form of genetic units. Recently 
Hershey, Kamen, Kennedy, and Gest (14) measured the mortality rate 
of bacteriophage T, produced by infection of bacteria with unlabeled 
parent T, in a medium containing concentrations of P® sufficient to cause 
death of the new phage by the disintegration of the assimilated P®. They 
concluded, since the mortality rate of these phages was identical for 99.9 
per cent of the phage, that the parent material was dispersed among all 
the progeny and was not concentrated in only one of them. However, 
their suggestion that parent contribution may consist of essential structures 
which are conserved would not be in accord with the conclusion of the 
present experiments. The distribution of parent material among the 
progeny is apparently not of crucial importance and the relatively equal 
distribution they found may be attributed to the net effect of the numerous 
chemical reactions occurring inside the cell, and not to any specific genetic 
mechanism. 

The problem remains as to how this virus, or rather a portion of it, is 
able to induce in the host a process by which the original particle, not 
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merely the effective portion, is replicated in an exact fashion. It has been 
shown in this paper that the molecular events involved in the replication 
process do not require the physical transfer of parent virus material. One 
is left then with the possibility that the specificity of the replication process 
is due to an alteration or distortion of normal processes in the host, with 
the parent particle serving only as a pattern, a template, or merely as a 
stimulus for the reproductive process. 


SUMMARY 


The mechanism by which N and P of bacteriophage Tert are contributed 
to its progeny has been investigated. Most of the parent virus material 
found in the progeny is due to the use of breakdown products of the parent 
virus for the synthesis of the new virus nucleoprotein. This conclusion 
is based on the following results. 

1. The parent virus material contributed to the progeny was variable 
in composition from experiment to experiment, indicating extensive chemi- 
cal rearrangement of the material. 

2. Inactivation of the genetic portions of the parent phage by ultra- 
violet light or x-ray irradiation did not decrease the contribution of parent 
material to viral progeny. 

3. Non-genetic transfer of P from parent T, bacteriophage to the prog- 
eny of the unrelated phage T; occurs when both viruses are grown in the 
same mass culture. 


The author is indebted to Dr. E. A. Evans, Jr., and Dr. Frank W. Put- 
nam for their advice, encouragement, and criticism in the course of the 
investigation. 
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PYRIDOXINE AND THE TRANSFER OF SULFUR* 


By FRANCIS BINKLEY, GERALD M. CHRISTENSEN, anv 
WALLACE N. JENSENT 
(From the Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, July 14, 1951) 


Two separate enzymes, a synthesis enzyme responsible for the synthesis 
of cystathionine from homocysteine and serine, and a cleavage enzyme 
responsible for the cleavage of cystathionine with the formation of cysteine 
and a-ketobutyrate, would appear to be concerned with the transfer of 
sulfur from homocysteine with the formation of cysteine by liver tissue. 
of rats. The separation of these enzymes (2) has made it possible to 
study the cofactors involved in the transfer. Evidence for the view that 
pyridoxal phosphate is the coenzyme of both of these enzymes is detailed 
in this report. 


EXPERIMENTAL 


Activation of Enzymes with Pyridoxal Phosphate—The preparations of 
the enzymes were obtained and activities were determined as described in 
the earlier reports (2, 3). Preparations of pyridoxal phosphate were sup- 
plied by Dr. W. W. Umbreit and Dr. E. E. Snell; pyridoxamine phosphate 
was supplied by Dr. E. E. Snell. Aging of solutions of the enzymes in 
the refrigerator was found to be the most effective method of inactivation; 
dialysis against distilled water hastened the inactivation. The results ob- 
tained upon the addition of pyridoxal phosphate to aged (10 days), dialyzed 
(48 hours) preparations of the enzymes are given in Table I. As will be. 
described below, fresh preparations were also activated by pyridoxal phos- 
phate, but, as would be expected, the extent of activation was somewhat 
less. In Table II, the results obtained with the cleavage enzyme with 
different substrates are described. It is apparent that preparations of 
the cleavage enzyme were markedly activated by small amounts of pyri- 
doxal phosphate, regardless of the substrate involved. Pyridoxamine 
phosphate was found to be ineffective or to inhibit the activity of the 
cleavage enzyme. 

Activity in Liver Tissue of Rats—The activity of the enzymes in liver 
tissue of rats treated with 4-aminopteroylglutamic acid, maintained on a 


* These studies were supported by grants from the United States Public Health 
Service. A preliminary report has appeared (1). 
t Fellow, Damon Runyon Memorial Fund for Cancer Research, Inc. 
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diet deficient in folic acid, and maintained on a diet deficient in pyridoxine 
was determined. 
Male Sprague-Dawley rats weighing 250 to 300 gm. were housed in 


TaBLe I 
Pyridozal Phosphate Activation of Sulfur Transfer Enzymes 


10 mg. of djenkolic acid and 2 mg. of glutathione were incubated with an aged, 
dialyzed cleavage enzyme (0.4 mg. of N) in 10 ml. of 0.1 m sodium citrate-0.001 y 
sodium cyanide for 1 hour. 10 mg. of pt-homocysteine (prepared from the thio- 
lactone hydrochloride) and 20 mg. of pi-serine were incubated with 1 ml. of aged, 
dialyzed synthesis enzyme in 10 ml. of 0.1 mM sodium citrate, 0.001 mM sodium cyanide 
for 3 hours, and, after boiling, 1 ml. of fresh cleavage enzyme was added and the 
incubation was continued for 1 hour (2). 


Pyridoxal phosphate Cleavage enzyme activity Synthesis enzyme activity 
y per mi. mg. cysteine mg. cystathionine 
0.0 0.5 0.1 
0.1 1.1 0.3 
0.5 1.0 1.0 
1.0 2.1 1.5 
2.0 1.9 1.9 
5.0 2.4 
10.0 2.0 
Taste II 


Cleavage Substrate and Pyridozal Phosphate Activation 
10 mg. of djenkolic acid, 5 mg. of L-cystathionine, and 5 mg. of L-a!tlocystathio- 
nine were incubated with aged, dialyzed cleavage enzyme (0.2 mg. of N) and 3 mg. 
of glutathione in a total volume of 10 ml. of 0.1 m sodium citrate for 60 minutes (30 
minutes for L-cystathionine). 1.0 y of pyridoxal phosphate per ml. was added as 
indicated. 


| Activity 
Substrate 
| Control _ Pyridoxal phosphate 
| mg. cysteine mg. cysteine 
0.2 | 1.4 
| 0.0 | 


* Homocysteine; no glutathione in the digests. 


individual wire cages and received the diets ad libitum. Six animals were 
used in the acute folic acid antagonist experiment. Three animals were 
given injections of normal saline and served as controls. The other three 


animals were given 50 7 of 4-aminopteroylglutamic acid subcutaneously | 
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per day for 2 days and animals were sacrificed 24 hours after the last 
injection. 

For the production of a deficiency of pyridoxine and folie acid, twenty- 
four rats were divided into four groups of six each. The first and third 
groups were control groups and received a complete basal diet. The 
second and fourth groups were, respectively, the folic acid and the pyri- 
doxine-deficient groups. These received the same diet as the control 


Taste III 
Effect of Diets on Enzyme Concentration of Liver Tissue of Rats 
Individual livers of six treated and six control rats for each group were homog- 
enized with 30 ml. of 0.1 M potassium chloride-0.01 m sodium citrate. The homog- 
enates were heated at 50° for 10 minutes, cooled, centrifuged, and the supernatant 
solutions fractionated with alcohol at 0.5 and 1.0 volumes (2). The fractions were 
dissolved in the original volume of potassium chloride-citrate solution and were 
assayed with djenkolic acid (cleavage enzyme) and with homocysteine and serine 
(synthesis enzyme), as described in Table I. Activities are compared on a wet 


weight basis. 1.0 y of pyridoxal phosphate per ml. was added in the activation 
experiments. 
Pyridoxal activation, per cent 
Treatment enzyme — Cleavage Synthesis 
Control | Deficient Control | Deficient 
percent | per cent 

4-Aminopteroylglu- 

tamic acid............ 96 90 | 
Folic acid-deficient...... 131 118 | 
Pyridoxine-deficient . . . . 43 56 170 20 ~=——té«W2SM] 206 


groups, except that the appropriate vitamin was omitted; 2 per cent suc- 
cinylsulfathiazole was added to the folic acid-deficient diet. 

The basal diet was of the following composition: Sheffield alcohol- 
extracted casein 26 per cent, sucrose 58 per cent, lard 11 per cent, salt 
mixture' 5 per cent. The vitamin supplements were added to the diet 
in the following proportions: (mg. per kilo) thiamine hydrochloride 12.5, 
riboflavin 6.0, nicotinic acid 60.0, pyridoxine hydrochloride 10.0, calcium 
pantothenate 25.0, p-aminobenzoic acid 25.0, and inositol 60.0. Choline 
chloride, 2.54 gm. per kilo, was added to the diet. Fat-soluble vitamins 
were mixed with the diet as nr (per kilo) vitamin A 230,000 units, 

‘Salt mixture (expressed in per ‘ound NaCl 13.5, MgCO, 8.5, K:HPO, 5.7, 


CaHPO, 46.3, KCI 6.7, KI 0.227, CaCO, 16.9, Fe,(P:0;) 3.2, CuSO, 0.22, MnCl, 0.019, 
 Zn0 0.016, and CoCO, 0.016. 


d in 
ged, 
Olu 
thio- 
aged, | 
nide 
1 the 
hio- 
mg. 
(30 
d as 
iree 
| 


112 TRANSFER OF SULFUR 


vitamin D 42,500 units, vitamin E 76 mg., and vitamin K 76 mg. Al 
the animals received 10 y of vitamin By. subcutaneously each week. The 
animals received these diets for 41 days. The folie acid-deficient group 
showed a decrease in rate of weight gain as compared to their controls, 
The pyridoxine-deficient group failed to gain weight during the period of 
observation. The folic acid-deficient group developed a leucopenia as 
compared to the controls (P = 0.01). The pyridoxine group showed no 
leucocyte change and neither of the deficiency groups developed signif- 
cant anemia. The results are described in Table III; the differences with 
the animals receiving a diet deficient in pyridoxine were highly significant, 
since all the activities for the deficient animals were well out of the range 
of the controls. The increased activities noted with the animals receiving 
a diet deficient in respect to folic acid were not significant (P = about 
0.10) but further study may be justified. It is of interest that the prep- 
arations of the enzyme from the liver tissue of rats receiving the diet 
deficient in respect to pyridoxine were activated to a much greater extent 
by the addition of pyridoxal phosphate than the preparations from the 
control animals. 


DISCUSSION 


The marked activation of preparations of the sulfur transfer enzymes 
with pyridoxal phosphate and the decreased activities of preparations from 
liver tissue of pyridoxine-depleted animals may be considered as almost 
conclusive evidence that pyridoxal phosphate is the coenzyme of the en- 
zymes concerned with the transfer of sulfur. The activation of the cleav- 
age enzyme with large amounts of folie acid (4) may be considered as 4 
non-specific effect upon the enzyme; the activation has been found to be 
dependent upon the presence of pyridoxal phosphate and was reduced 
considerably in the presence of glutathione. 

The participation of pyridoxal phosphate in the transfer of sulfur would 
appear to be analogous to its réle in the formation of tryptophan from 
indole and serine (5) and the breakdown of tryptophan to indole and 
pyruvate (6) by Neurospora and bacteria. A consideration of pyridoxa 
phosphate in other reactions involving a transfer or discharge of the group- 
ings related to alanine, serine, and cysteine (e.g., the formation of thy- 
roxine or the formation of mercapturic acids) would appear to be justified 


SUMMARY 


Aged, dialyzed preparations of the enzymes responsible for the transfer 
of the sulfur of homocysteine to the carbon chain of serine with the for 
mation of cysteine were found to be markedly activated by the addition 
of minute amounts of pyridoxal phosphate. Liver tissue of rats maim 
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tained on a diet deficient in respect to pyridoxine was found to have 
significantly less activity than liver tissue of control animals. The prepa- 
rations from the deficient animals were activated to near control levels 
by the addition of pyridoxal phosphate. 
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XXVII. SYNTHESIS OF ALLOPREGNANE-38, 118, 17a,208,21-PENTOL FROM 
CORTISONE AND DIOSGENIN* 


By CARL DJERASSI, G. ROSENKRANZ, J. PATAKI, ano 8S. KAUFMANN 
(From the Research Laboratories of Syntex, S. A., Mexico City, Mexico) 


(Received for publication, July 30, 1951) 


All of the steroids isolated from the adrenal cortex either possess a A‘-3- 
} keto moiety, characteristic of the “active” adrenal hormones such as 
desoxycorticosterone or cortisone, or are reduced in ring A, in which case 
they exhibit the 5a or “allo” configuration. Adrenal steroids of the latter 
class are usually referred to as “inactive’’ (1), since they do not maintain 
the life of adrenalectomized animals and are believed to be metabolites 
of the “‘active’”’ hormones. In view of the tremendous amount of biologi- 
) cal information now being accumulated with cortisone and 17a-hydroxy- 
corticosterone (Kendall’s Compound F), it would be highly desirable to 
study biologically some of their 11-oxygenated metabolites, which until 
| now have been available in only small amounts by isolation from adrenal 
glands. 

Allopregnane-36 , 118 , 17a ,208 ,21-pentol (III) has been isolated by Win- 
tersteiner and Pfiffner (Compound A) (2), Reichstein (Compound A) (3), 
| and by Mason, Myers, and Kendall (Compound D) (4) in appreciable 

amounts and appears to be one of the important metabolites of cortisone 
and Kendall’s Compound F. The present paper deals with the partial 
synthesis of Compound A (III) from cortisone and from diosgenin. Since 
the completion of the experimental portion of this work, there has been 
recorded (5, 6) the transformation of cortisone to A‘-pregnene-118 ,17a,- 
| 208 ,21-tetrol-3-one (Reichstein’s Compound E), and, since the latter had 

been reduced previously (7) to Compound A, this constitutes another par- 
tial synthesis of that substance (III). 

The conversion in this Laboratory of the plant sapogenin, diosgenin 
([V), to allopregnane-3 , 11 ,20-trione-17a,21-diol 21-acetate (dihydroallo- 
cortisone acetate) (II) has already been reported (8-10). It was now 
found that catalytic reduction of cortisone acetate (I) led in over 70 per 
cent yield to the identical allopregnane derivative (II) and that the latter 
could be reduced with lithium aluminum hydride in one step to afford 
Reichstein’s Compound A (IIIa), characterized as the triacetate (IIIb). 
Precedents for the predominant formation of the 8 isomer in the lithium 


* For Paper XXVI see (8). 
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aluminum hydride reduction of a 3-keto (allo) (11), 11-keto (5, 6), or 20-| & 
keto (5, 6, 12) steroid can be found in the literature, but the conversion of | © 
dihydroallocortisone (II) to Reichstein’s Compound A (ITI) represents the | ©! 
first instance of the simultaneous, stereospecific lithium aluminum hydride | 
reduction of three keto groups in one step. 


CH,O0OAc CH,0Ac 


O 

/ C 

: 

Wz lu 
O O H 

(II) 


HO 


RO H 
(II Ta) R=H of 
(IIIb) R=Ac 


EXPERIMENTAL! 


Allopregnane-3 ,11 ,20-trione-17a,21-diol 21-Acetate (Dihydroallocortisone 
Acetate) (II)—A solution of 20 gm. of cortisone acetate (I) in 2 liters of sor 
ethyl acetate was shaken for 20 hours in an atmosphere of hydrogen at bee 
room temperature and an initial pressure of 45 pounds per sq. in. with ace 
3.0 gm. of 10 per cent palladium-barium sulfate catalyst (American Plati- 33, 
num Works, Newark, New Jersey). At the end of the reduction, the so- tri: 
lution was heated, the catalyst was filtered, and the filtrate concentrated 
to approximately 0.6 liter and chilled. Filtration and washing with cold 


‘The melting points are uncorrected. We are indebted to Srta. Rosa Yashin for 
technical assistance and to Srta. Amparo Barba for the microanalyses. 
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yr 20- | ethyl acetate furnished 14.5 gm. of colorless crystals, m.p. 230-232°, which 
ion of | exhibited no ultraviolet absorption maximum at 240 my. Further re- 
's the | crystallization raised the melting point to 235-236°, [a]? = +81° (ace- 
-dride | tone); a free hydroxyl band as well as infra-red carbonyl bands (chloro- 
form) were observed at 1750, 1736, 1716, 1706, and 1700 cm... The 
identity of this substance with allopregnane-3 , 11 ,20-trione-17a@,21-diol 
2l-acetate (II) prepared (8-10) from diosgenin (IV) was established 
by a mixed melting point determination and a comparison of the in- 
fra-red spectra. 


Analysis—C2,H 3:05. Calculated, C 68.29, H 7.98; found, C 68.43, H 8.07 


Allopregnane-38 ,118,17a,208 ,21-pentol 3,20,21-Triacetate (Reichstein’s 
Compound A Triacetate) (11 Tb)—A suspension of 1 gm. of lithium aluminum 
hydride in 50 ml. of dry tetrahydrofuran was treated dropwise with a so- 
lution of 1.0 gm. of allopregnane-3 ,11 ,20-trione-17a@,21-diol 21l-acetate 
(II) in 100 ml. of the same solvent and then refluxed for 30 minutes. The 
excess reagent was decomposed with acetone, water (but no acid) was 
added, and the product was extracted with chloroform, washed with water, 
dried, and evaporated. The semisolid residue was heated on the steam 


” bath for 1 hour with 10 ml. of pyridine and 10 ml. of acetic anhydride and 
after the usual preparation was chromatographed on 25 gm. of ethyl ace- 
oH fate-washed alumina. The crystalline fractions eluted with benzene-chlo- 


oform (4:6) were combined and recrystallized from acetone-ether, vielding 
0.48 gm. of colorless crystals, m.p. 215-216° (capillary), [a]? = +66° (ace- 
tone), +74° (chloroform); reported (13), m.p. 219-220° (Kofler), [a], = 
+74° (acetone). Professor T. Reichstein of the University of Basle, to 
whom we are greatly indebted, found a melting point of 218-220° (Kofler) 
for our sample as well as for a mixture with an authentic sample (3, 13) 
of Reichstein’s Compound A triacetate (IIIb). 


Analysis—CxHy.05. Calculated, C 65.56, H 8.56; found, C 65.77, H 8.72 


SUMMARY 


rtisone Allopregnane-3 ,11,20-trione-17a@,21-diol 21l-acetate (dihydroallocorti- 
ers of sone acetate), previously (8-10) synthesized from diosgenin (IV), has now 
gen at been obtained in 70 per cent yield by catalytic hydrogenation of cortisone 
. with acetate. Lithium aluminum hydride reduction afforded allopregnane- 
Plati- 38,118,17a,208 ,21-pentol 3,20,21-triacetate (Reichstein’s Compound A 
he so- triacetate), identical with the product isolated from beef adrenal glands. 
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GLUTATHIONE REDUCTASE OF ANIMAL TISSUES* 


By THEODORE W. RALLt ann ALBERT L. LEHNINGER 
(From the Departments of Biochemistry and Surgery, University of Chicago, Chicago, 
Illinois) 
(Received for publication, August 3, 1951) 


It has been known for some time that animal tissues contain systems 
capable of both the reduction of the oxidized form of glutathione (GSSG) 
and the oxidation of the reduced form (GSH). Although it is now gen- 
erally believed that glutathione plays no obligatory réle in the major 
electron transport patterns of animal tissues, it appears to be involved as 
an important substance in the regulation of the activity of enzymes or 
protein hormones dependent on either —SH or —S—S— groups for ac- 
tivity (1). Since GSH is readily oxidized in vitro by the cytochrome sys- 
tem of some tissues (2, 3), it might be expected that reducing systems also 
exist physiologically capable of maintaining constant tissue levels of GSH. 
Hopkins and Elliott demonstrated that, in addition to a heat-stable system 
capable of reducing GSSG (protein —SH groups), a heat-labile reducing 
system also existed in animal tissues (4). In 1932 Mann showed that 
preparations of Harrison’s glucose dehydrogenase of liver were able to 
cause the reduction of GSSG in the presence of glucose and a crude nucleo- 
tide fraction (5). Meldrum and Tarr found that GSSG was enzymatically 
reduced by the glucose-6-phosphate dehydrogenase (Zwischenferment) of 
red blood cells or yeast in the presence of substrate and triphosphopyridine 
nucleotide (TPN) preparations (6). In 1938 Engelhardt and Barkhash 
reported that anaerobic oxidation of phosphogluconic acid could occur in 
yeast maceration juice if GSSG was added, with the resultant production 
of GSH (7). Since this paper was published, very little additional work 
appears to have been done on the nature of the enzymatic mechanisms 
involved in the reduction of GSSG by animal tissues. Bukin has reported 
that reduced diphosphopyridine nucleotide (DPNH:) reacts rapidly and 
non-enzymatically with GSSG at physiological pH to produce DPN and 
GSH (8), a reaction which we were unable to observe in the course of 
this study. . 

In this paper will be described the results of a survey of dehydrogenase 
systems capable of causing the reduction of GSSG in animal tissue prepa- 
rations. It has been found that all animal tissues tested contain an enzyme 

* This investigation was supported by grants from the Nutrition Foundation, 
Inc., and the United States Public Health Service. 

t Fellow in Biochemistry of the Nutrition Foundation. 
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(which will be referred to as glutathione reductase) capable of catalyzing 
the reaction 


(1) TPNH, + GSSG — TPN + 2GSH 


No evidence could be found for the existence of a similar DPN-linked 
system or for the participation of a-keto acid dehydrogenases as hydrogen 
donors for the reduction, nor could it be demonstrated that any non- 
enzymatic reduction of GSSG by DPNH, or TPNH, occurred. 

In an independent investigation in this department, Conn and Vennes- 
land have found that a similar TPN-linked glutathione reductase exists in 
a number of plant tissues (9), as have Mapson and Goddard in England 
(10). 


EXPERIMENTAL 


Preparative—GSSG prepared by methods described in the literature (11) 
was deemed undesirable for use in enzyme systems because of contamina- 
tion by cupric ion used as a catalyst in the oxidation of GSH by hydrogen 
peroxide. Therefore a procedure was worked out involving the oxidation 
of GSH by iodine, based on the same reaction that was used for the determi- 
nation of GSH (12); a sample preparation is outlined below. 

1.57 gm. of GSH (5.10 m.eq.), purchased from Eimer and Amend, were 
suspended in 2.0 ml. of H,O in a 50 ml. centrifuge tube. A 1 N solution of 
I, in alcohol was added slowly with stirring until a faint yellow color 
indicated excess I, (required 5.09 ml.). The undissolved solid went into 
solution as the iodine was added. The pH was then adjusted to 6.5 with 
NaOH (required 5.10 ml. of 0.985 N NaOH). Acetone was added to bring 
the volume to 50 ml., and the mixture was allowed to stand in the cold 
for 2 hours and then centrifuged. The gummy precipitate was triturated 
with 40 ml. of acetone until it was brought into a free suspension. The 
solid was collected by centrifuging, washed with acetone, and dried in 
vacuo. The white powder was dissolved in 5 ml. of H.O and filtered. 
The acetone precipitation, trituration, and washing were repeated, and 
the solid was dried in vacuo over paraffin shavings (recovered 1.49 gm.). 
At this stage the preparation contained 9 to 10 per cent acetone which 
could not be removed by drying in an Abderhalden pistol at 56° and 0.1 
mm. of Hg. A similar situation was reported by Mason in which GSSG 
isolated from alcoholic solution was in combination with 2 moles of 
EtOH per mole of GSSG, not removable by drying at 112° in vacuo (13). 
In order to remove the acetone the powder was dissolved in 100 ml. of 
H.O and lyophilized. This process was repeated four additional times 
before the acetone was completely removed. Nitrogen analysis and equiva- 
lent weight determination by electrometrice titration of material dried to 
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constant weight in the Abderhalden pistol suggested that water was tightly 
bound by GSSG, similar to the binding of acetone and alcohol. 


Analysis—GSSG-2H,0. Calculated. N 12.95, equivalent wt. 324 
Found. ** 12.70, o 


A relatively crude (2.5 per cent) preparation of TPN from yeast (free 
from DPN) was used for most of the exploratory and preliminary experi- 
ments. Identical results were obtained when a preparation of 70 per cent 
purity’ was substituted, in confirmation of the more critical experiments. 
Glucose-6-phosphate was purchased from the Bios Laboratories as the 
barium salt. DPN was purified by the phase method of Hogeboom and 
Barry (14) and was 80 per cent pure. DPNHb, was prepared by reduction 
of DPN with hydrosulfite and isolated as barium salt (75 per cent pure) 
(15). TPNH, was made by reduction of TPN in solution with hydro- 
sulfite according to the method of Gutcho and Stewart (16). Zwischenfer- 
ment was prepared from dried brewers’ yeast by the method of Kornberg 
(17). Vitamin By was generously supplied by Dr. B. 8S. Schweigert. 

Methods—GSH was determined in metaphosphoric acid filtrates (6 per 
cent final concentration) by titration at 0° with 0.001 N I, by the methods 
of Neubeck and Smythe (18) and Fujita and Numata (19). Errors due 
to GSH hydrolysis (18), as indicated by GSH recovery experiments, 
were for the most part avoided by carrying out the titrations at 0° (19). 
However, in the assay of kidney preparations, the titrations indicated 
extensive hydrolysis of GSH to free cysteine, and it was therefore necessary 
to apply appropriate corrections based on the relative iodine titers of the 
two substances as described by Fujita and Numata (19). 

Extracts of liver acetone powder were made by adding | ml. of cold 
H.O for every 50 mg. of rat or pig liver acetone powder and allowing the 
suspension to stand in the cold, with occasional stirring, for 20 to 30 min- 
utes. The suspension was centrifuged at 2500 < g and the supernatant 
at 20,000 * g for 20 minutes. Tissue fractionations were carried out in 
8.5 per cent sucrose by the method of Hogeboom, Schneider, and Pallade 
(20). Protein estimations in water-clear solutions were carried out spee- 
trophotometrically by the method of Kalekar (21). 

Survey of Hydrogen Donors for Reduction of GSSG—Various substrates 
were added to whole homogenates of rat liver under anaerobie conditions 
in an attempt to determine which reducing systems could serve as hydro- 
gen donors for the enzymatic reduction of GSSG. The experiments were 
conducted in the following manner: GSSG (0.01 mM) was incubated with 
0.5 ml. of a 25 per cent liver homogenate in 0.15 Mm KCI in the presence and 
absence of the substrates (0.02 m) in a system having a total volume of 


1 Generously supplied by Dr. E. Conn. 
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2.0 ml. and buffered with glycylglycine (0.02 m, pH 7.5). The reactions 
took place at room temperature for 15 to 20 minutes in test-tubes which 
had been flushed for 30 seconds with N: and tightly stoppered. Succinate, 
a-ketoglutarate, pyruvate, glutamate, and 6-hydroxybutyrate failed to 
give any increase in the appearance of —SH groups over the amounts 
appearing in the controls without any added substrates, even with the 
addition of DPN (5 X 10-*m). The use of DPNH;: (7.6 X 10-* om) itself 
in place of other substrates also failed to stimulate the reduction of GSSG. 
On the other hand, citrate or isocitrate, and glucose-6-phosphate produced 
a variable but consistently demonstrable stimulation which was greatly in- 
creased by the addition of TPN (1.3 K 10-5m). The same general picture 


TaBie I 
Requirements for Enzymatic Reduction of GSSG 

The incubation mixtures contained final concentrations of 0.01 a MgCl, 0.02 » 
glycylglycine buffer at pH 7.5, 0.02 m nicotinamide, 0.005 m glucose-6-phosphate, 
0.001 a GSSG, 1 X 10-5 mw TPN, 0.2 mg. of Zwischenferment preparation, and 0.6 
ml. of an extract of rat liver acetone powder dialyzed against 200 volumes of neu- 
tralized water for 20 hours. The total volume of the system was 2.0 ml. Incu- 
bated in tubes tightly stoppered after 30 seconds flushing with N; for 10 minutes 
at 37°. Presence or absence of components indicated. 


+ + ~ + + 0.06 
- + + + + | o@8 
+ | + | + - + | 0.04 
+ | + | - + > | 0.53 
+ + | 2.85 


was observed when extracts of rat or pig liver acetone powder (0.6 ml. per 
tube) were used in place of the homogenates. In view of the observation 
of Mann (5) that the glucose dehydrogenase system could reduce GSSG, 
glucose (0.05 mM) was also tested in the presence of DPN and extracts of 
pig liver acetone powder, but no reduction of GSSG could be observed. 

Properties of Reductase—The simplest explanation of the above data 
was that TPNH) was the actual reductant of GSSG and that any substrate 
which could give rise to TPNH, would cause the reduction of GSSG in 
these preparations. With the aid of purified yeast Zwischenferment, glu- 
cose-6-phosphate, and TPN as a continuous generator of TPNH, it was 
possible to verify this and to demonstrate the enzymatic mechanism de- 
scribed in Equation 1. The experiment described in Table [ shows that 
the appearance of —SH requires the presence of Zwischenferment, glucose- 
6-phosphate, TPN, GSSG, and the liver extract. The small activity ob- 
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served in the absence of added Zwischenferment is due to the presence of 
glucose-6-phosphate dehydrogenase in the enzyme preparation. 

It was also possible to demonstrate spectrophotometrically that TPNH; 
was enzymatically oxidized by GSSG. The reaction was followed by the 
disappearance of the 340 mu band of TPNH; in the presence of GSSG and 
enzyme preparations containing glutathione reductase. Fig. 1 shows the 
oxidation of hydrosulfite-reduced TPNH, in the presence of GSSG and a 
preparation of liver glutathione reductase. There was no reaction in the 


a 
TIME (MIN) 

Fic. 1. Oxidation of hydrosulfite-reduced TPNH, by GSSG. The cuvette con- 
tained final concentrations of 0.0024 wu GSSG, 1.6 X 10°* wm TPNH), and 0.15 mg. of 
hog liver glutathione reductase prepared by alcohol fractionation. The total vol- 
ume of the system was 0.57 ml. Temperature 22°. There was no decrease in optical 
density on omission of either the enzyme or GSSG. 


absence of either the enzyme or GSSG. The curve in Fig. 2 represents 
the reduction of TPN by Zwischenferment and a limiting amount of glucose- 
6-phosphate, and the subsequent reoxidation of TPNH, by a limiting 
amount of GSSG in the presence of a yeast preparation of glutathione 
reductase. This experiment also illustrates the stoichiometry of Equation 
las 7.7 X 10°? um of GSSG caused by the oxidation of 7.8 X 107? um of 
TPNH:. Reversal of the reaction in favor of the reduction of TPN could 
not be observed in the presence of 0.033 m GSH, 1.11 XK 10-*m TPN, and 
the same yeast preparation. 

In similar spectrophotometric experiments there was no evidence for the 
oxidation of DPNH: by GSSG either in the presence or the absence of 
enzyme preparations, contrary to the report of Bukin that GSSG oxidizes 
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DPNH; non-enzymatically (8). We are unable to offer an explanation 
for this disparity. 

Glutathione reductase showed pecificity not only for TPNH, but also 
for GSSG. Substitution of L-cystine (0.001 m) or pL-homocystine (0.001 
m) for GSSG in a system identical with that described in Table I did not 


uM. TPNH> PRESENT x 102 


Fic. 2. Oxidation of enzymatically reduced TPNH; by GSSG. The cell con- 
tained final concentrations of 0.0002 m TPN, 0.0001 m glucose-6-phosphate, 0.005 m 
MgCl., 0.02 m phosphate buffer at pH 7.6, 0.4 mg. of Zwischenferment, 0.7 mg. of yeast 
glutathione reductase, and 0.000077 m GSSG in a volume of 1.0 ml. All reactants 
except GSSG were added to the cell, glucose-6-phosphate being added last to start 
the reaction. After the reduction of TPN was complete, the GSSG was added 
(arrow). 


result in any detectable —SH formation. In view of the observation of 
Dubnoff that vitamin By increased the reduction of disulfide linkages in 
liver homogenates (22), this substance was added in amounts up to | 7 
per reaction vessel, but had no effect on GSSG reduction and failed to 
induce the reduction of homocystine. 

Assay System—In order to assay for glutathione reductase activity in 
different tissue preparations, the conditions of the experiment described 
in Table I were adjusted so that the enzyme concentration was limiting. 
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The system, as described in the legend of Fig. 3, has proved the most relia- 
ble if 1 to 2 um of GSH was produced per 10 minute period. In this range 
straight line relationships were obtained when GSH production was plot- 
ted against time or against enzyme concentration (Figs. 3 and 4). How- 
ever, the plots rarely passed through the origin, as shown in Figs. 3 and 4, 
and the most accurate assays were obtained by following the reaction over 
several time intervals or at different enzyme levels. MgCl. was included 
in the reaction mixture for activation of Zwischenferment (17), and nico- 


2 


IS 


5 


TIME (vin) 

Fic. 3. Time curve of GSSG reduction. The incubation mixtures with a volume 
of 2.0 ml. contained final concentrations of 0.02 Mm glyeylglycine buffer at pH 7.5, 
0.01 ma MgCl., 0.02 m nicotinamide, 0.01 m glucose-6-phosphate, 0.0088 m GSSG, 
1X 10° mu TPN, 0.2 mg. of Zwischenferment, and 0.1 ml. of extract of rat liver ace- 
tone powder. Incubated at 37° in tubes tightly stoppered after flushing with N, 
for 30 seconds. 


tinamide was added to inhibit the action of any TPNase present in the 
enzyme preparations assayed. 

Tissue and Intracellular Distribution—The ability of various tissue prepa- 
rations to reduce GSSG under the assay conditions of Fig. 3 was used as a 
measure of the amount of glutathione reductase present in the particular 
preparation tested. In such assays a blank tube containing a known 
amount of GSH was also incul ated with the tissue in order to check the 
completeness of recovery of GSH under the conditions of the assay. Re- 
covery was substantially complete in every instance except with kidney 
preparations. In this case it was necessary to apply a correction, due to 
hydrolysis of GSH to form free cysteine. Table IT lists the activity of 
various rat tissue homogenates and of human blood cells and serum. Kid- 
ney and liver were by far the most active tissues tested, while skeletal 
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muscle and blood serum contained very little of the enzyme. It is known 
from the work of Hopkins and Elliott (4) that muscle preparations will 


2é 


on ENZ elie 
Fic. 4. Proportionality of initial rate to enzyme concentration. Conditions as 
in Fig. 3. Incubated for 10 minutes at 37°. 
II 
Distribution of Glutathione Reductase in Rat Tissues 


The conditions are as in Fig. 3 except that the reactions took place in a Dubnoff 


metabolic shaker under a stream of Nz. Incubated at 37° for 15 minutes. The 
tissues were prepared as 10 per cent homogenates in 8.5 per cent sucrose. The 


activities are expressed as Qasu (N) = 22.4 X micromoles of GSH produced per 
mg. of N per hour. 


Tissue Qcsu (N) Tissue Qcsu (N) 

400 Skeletal muscle............... 2 
66  laked blood cells......| 22 


* Value corrected for GSH hydrolysis. 
reduce GSSG non-enzymatically owing to the protein —SH groups in the 
preparations. This reaction may have contributed to the value listed here 
for muscle, but the fact that addition of TPN to muscle preparations stimu- 
lates the reduction of GSSG argues for the presence of glutathione reduc- 
tase in this tissue. 
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The activities of fractions of a liver homogenate in 8.5 per cent sucrose 
isolated by differential centrifugation are given in Table III. The glu- 
tathione reductase activity was concentrated in the supernatant fraction 
remaining after centrifugation at 20,000 X g for 20 minutes, consisting of 
soluble protein and the microsomes. The fact that the specific activity of 
the fraction was nearly twice that of the whole hor ogenate and that the 
activity of the isolated mitochondrial and nuclear fractions was very low 
indicates that the enzyme is present almost entirely in the microsomes 
or in the soluble portion of rat liver. Since 8.5 per cent sucrose did not 
appear to inhibit soluble preparations of the enzyme, the incomplete re- 
covery of activity was probably due to losses of the supernatant fraction 


Taste III 
Distribution of Glutathione Reductase in Rat Liver Fractions 


The conditions are as in Table II. The fractionation was carried out on a rat 
liver homogenate in 8.5 per cent sucrose. The activities are expressed as Qosn 
(N) = 22.4 X micromoles of GSH produced per mg. of N per hour. 


otal 
fraction 

(1) (2) (1 X 2) 

mg. 
Whole homogenate............ 35.6 296 10,540 (100) 
Supermatant................... 16.5 574 9,472 90 
Mitochondria... .............. 7.9 6 48 0.4 
Nuclear residue............... | 5.0 6 30 0.3 


incurred during the experiment, because the washings of the nuclear and 
mitochondrial fractions were not recombined with the supernatant fraction. 

Purification—Attempts to achieve purification of glutathione reductase 
from extracts of pig liver acetone powder for the most part were unsuccess- 
ful. Fractionation procedures with ammonium sulfate, acetone, or iso- 
electric precipitation invariably yielded preparations of lower specific ac- 
tivity than that of the original extracts. The purification was further 
hampered by the fact that the enzyme was inhibited by sulfate ion (0.1 m 
(NH,)2SO, inhibited the reductase 30 per cent). Unfortunately dialysis 
also inactivated the enzyme and attempts to remove (NH,).SO, by this 
means led to complete loss of activity. It was impossible to reactivate 
any preparation by the addition either of a boiled extract of a fresh ac- 
tive preparation or a concentrated dialysate of extracts of pig liver ace- 
tone powder. It would therefore appear that the active protein itself is 
quite labile. 

By ethanol precipitation, a fraction was obtained with twice the specific 
activity of the original extract. This was prepared by collecting the pre- 
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cipitate formed when a water extract, brought to pH 7 with dilute NaOH, 
was made 12 per cent in ethanol (e.g. 6 ml. of ethanol added to 44 ml. of 
extract) at —3°. The precipitate was suspended in HO and lyophilized, 
and the powder was dissolved in 0.01 mM glycylglycine buffer, pH 7.4 (10 
mg. of powder per ml. of buffer). This clear solution was used for the 
spectrophotometric experiment described in Fig. 1. Attempts to subfrac- 
tionate this preparation led again to less active preparations. 

However, the glutathione reductase present in yeast extracts proved 
much less refractory to purification. The procedure outlined below yielded 
preparations with approximately a 10-fold increase in specific activity. 

Red Star bakers’ yeast was quick frozen by crumbling into liquid No. 
The remainder of the procedure was carried out in the cold. After warm- 
ing to the temperature of the cold room, the yeast was extracted for sev- 
eral days, with stirring, with an equal weight of cold 0.1 mM phosphate 
buffer at pH 7.6. The suspension was centrifuged and the residue dis- 
carded. Solid (NH4)sSO,4 was added to bring the extract to 30 per cent 
saturation. 2 N HCl was added slowly to bring the pH to 4.7, and the 
bulky precipitate which formed was centrifuged and discarded. The super- 
natant was dialyzed free of sulfate against cold redistilled H,O; the pre- 
cipitate which appeared was centrifuged and the supernatant discarded. 
The residue was thoroughly extracted with a volume of cold 0.01 M_ phos- 
phate buffer equal to one-third that of the original extract and centrifuged, 
and the residue discarded. This solution contained about 40 per cent of 
the activity of the original 0.1 mM phosphate extract and was about 10-fold 
more active on a total protein basis than the original phosphate extract. 
As yet, only small increases in specific activity have been achieved by 
further purification procedures. At all stages of purification the most 
active fractions possessed relatively high absorption at 260 my (optical 
density 280 my/260 mu = 0.6), indicating the presence of nucleotide bound 
to the protein. This nucleotide was probably not TPN, as it was always 
necessary to add TPN to the assay system in order to observe any GSSG 
reduction whatsoever. 


DISCUSSION 


From these results, it seems likely that the reduction of GSSG in animal 
tissues should not be ascribed to any one or any group of dehydrogenases, 
but rather to an enzyme catalyzing the reaction described in Equation 1. 
Thus the results of Meldrum and Tarr (6) and of Engelhardt and Bark- 
hash (7) could be explained by the presence of such an cnzyme in their 
preparations. On the other hand the evidence of Mann (5) that GSSG 
was reduced by liver glucose dehydrogenase, a DPN-linked enzyme (23), 


cannot be explained on this basis, since there is no evidence for a similar | 
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DPN-linked glutathione reductase in liver. However, the possibility ex- 
ists that there was enough ATP present in the crude nucleotide preparations 
used in his work to have allowed sufficient synthesis of TPN from DPN 
(or TPNH, from DPNH,), via the mechanism demonstrated by Kornberg 
(17), to account for the observed reduction of GSSG. 

Our inability to detect any reversibility of the glutathione reductase 
reaction has a bearing on the value of the true oxidation-reduction poten- 
tial of the GSSG = 2GSH equilibrium. Measurement of the standard 
potentials of thiol compounds by standard electrometric procedures is 
fraught with considerable experimental difficulty and none of the values 
reported appear to be satisfactory (24). In the experiment performed to 
detect the reversal of the reaction, 0.033 m GSH and 1.11 K 10-*m TPN 
were incubated with yeast glutathione reductase in a spectrophotometer 
cell, and no increase in absorption at 340 my was observed over a long 
period. The limit of detection of TPNH, in the 0.6 ml. system used was 
about 0.5 7, corresponding to a concentration of 1 KX 10-*m. Assuming 
that this amount of TPNH, was actually formed and that the standard 
electrode potential of the TPN-TPNH, system is identical with that of 
the DPN-DPNH, system (0.282 volt at pH 7.0) (25), then it may be 
calculated from the above data that the standard electrode potential of 
the GSSG = 2GSH|sysiem is not more electronegative than —0.13 volt. 
This must be regarded only as a limiting value and the true value could 
of course be considerably more electropositive. The form of the calcula- 
tion follows. 


RT (GSSG) RT (TPN) 
+ In (GSH)? + nF In (TPNH, 

’ 0.00011 0.000001 
= —0.282 + 0.03 log 0. 0.03 log 0.0333)" 


= —O.13 volt 
SUMMARY 


1. Under anaerobic conditions, the reduction of GSSG by rat liver 
homogenates and water extracts of acetone-dried rat liver was stimulated 
by the addition of citrate or glucose-6-phosphate and TPN. Under com- 
parable conditions, no stimulation of GSSG reduction by adding pyruvate, 
a-ketoglutarate, glutamate, succinate, or 8-hydroxybutyrate and DPN, 
could be detected. 

2. Water extracts of acetone-dried liver were prepared which had essen- 
tially no ability to reduce GSSG unless supplemented with TPN, glucose- 
6-phosphate, and purified yeast Zwischenferment. 

3. Partially purified preparations from liver and yeast were able to 
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oxidize TPNH; but not DPNHkp, in the presence of GSSG, as followed 
spectrophotometrically. The above evidence indicates the existence of 
an enzyme, tentatively called glutathione reductase, catalyzing the reac- 
tion TPNH, + GSSG — 2GSH + TPN. No evidence of reversibility 
could be obtained. 

4. Glutathione reductase activity was found in homogenates of rat 
kidney, liver, spleen, heart muscle, brain, and skeletal muscle, listed in the 
order of decreasing specific activity of the tissue. The enzyme activity 
was restricted to the supernatant fraction of liver homogenates in sucrose, 
containing microsomes and the soluble portion of the liver. 

5. Attempts to purify the enzyme from extracts of hog liver acetone 
powder were not successful and were only partially successful from yeast 
extracts, since the enzyme protein appeared to be quite unstable. 
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THE INTESTINAL ABSORPTION OF TRIGLYCERIDES* 
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The long controversy over whether triglycerides are hydrolyzed pre- 
liminary to their absorption from the intestine may be ascribed to the 
difficulties in designing an experiment without alternative interpretations. 
In the present study it was hoped that an unequivocal experiment could 
be designed by labeling both the glycerol and the fatty acid moieties of 
ingested fat and examining the glycerides in the resulting lymph. Glycerol 
was labeled with C™ in the a and a’ positions and esterified with conjugated 
linoleic acid. It has previously been shown that conjugated linoleic acid 
may be used as a tracer of fatty acid movements through the body (1, 2). 

It was considered that there are five possible types of lytic changes fats 
may undergo in the intestine. These are (a) no hydrolysis, (6) hydrolysis 
at only the @ or a and 6 positions but not at the a’ position, (c) complete 
hydrolysis of some fraction of the fat, (d) combinations of (6) and (ec), and 
(e) complete hydrolysis of all the fat. Interpretations of (c), (d), and (e) 
are further complicated by the possibility that the glycerides in the lymph, 
resynthesized from ingested fat, may or may not utilize their original glyc- 
erol or may do so only to a limited degree. 

If hydrolysis is complete and none of the labeled glycerol is utilized in 
the resynthesis of fat from the absorbed conjugated acids, the fact could 
be determined by the failure of any labeled glycerol to appear in lymph 
fat after ingestion of labeled conjugated trilinolein. Two experiments of 
this simple type were performed, but the specific activity of the glycerol 


‘of the lymph fat was an appreciable fraction of that in the fat fed. This 


showed that only a part of the fat fed was completely hydrolyzed and that 
the glycerol was not used for resynthesis of glycerides of the hydrolyzed 
fatty acids. 

There are three possibilities for the apparently unhydrolyzed glyceride: 
(a) it was absorbed unchanged; (b) it was completely hydrolyzed and the 
glycerol used for resynthesis (that is, there was 100 per cent hydrolysis 
and a fraction of the glycerol reused), (c) there was partial hydrolysis and 


* This work was supported in part by a grant from the United States Atomic 
Energy Commission. 
t Present address, Buckeye Cotton Oil Company, Cincinnati, Ohio. 
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absorption of the resultant mono- and diglycerides of the labeled glycerol. 
It is possible to determine whether hydrolyzed glycerol is used in resynthe- 
sis or whether there is any partial hydrolysis of ingested glycerides by 
feeding an absorbable unlabeled saturated triglyceride with the labeled 
conjugated trilinolein. The degree of incorporation of active glycerol in 
the di- and trisaturated triglycerides of the lymph would indicate the 
extent of its reutilization. 


Procedure 


Preparation of Glycerol-Labeled Conjugated Trilinolein—Glycerol labeled 
with C™ in the a,a’ positions was prepared according to the method of 
Schlenk and DeHaas (3).'. Conjugated linoleic acid was prepared as 
previously described (2). The preparation contained 89 per cent conju- 
gated dienoic acid. 

Because of the danger of losing glycerol by preparing the glyceride at 
reduced pressures, the glycerol was refluxed with conjugated acid in dry 
xylene between 150-160° with naphthalene 8-sulfonic acid as catalyst. 
Water was collected in a water trap. Unchanged fatty acid was removed 
by shaking with Amberlite 400. The glyceride fatty acids were 85.8 per 
cent conjugated diene and the glycerol had an activity of 89.7 we. per gm. 

/’reparations—Cannulas were inserted into the thoracic ducts of adult 
albino rats and the animals treated postoperatively as previously described 
(2). After 24 hours they were given, by stomach tube, 1 gm. of labeled 
conjugated trilinolein or 1 gm. of a mixture of the latter and reerystallized 
bayberry tallow (Table I). They were placed in a tubular cage in a desic- 
eator designed to permit the collection of lymph, feces, urine, and COs. 
CO. was collected in six periods of 4 hours and lymph for the entire 24 
hours of the experiment. In one experiment lymph was collected in two 
successive periods of 12 and 16 hours. At the end of the collection periods 
the animals were anesthetized, opened by a midline incision, and exsangui- 
nated through the aorta by means of a hypodermic needle and syringe. 
The blood, carcasses, urine, and feces were stored at —20° for future anal- 
yses. 

Methods total lipide was extracted from the lymph with alcohol 
and ether and dissolved in petroleum ether. The fraction insoluble in 
acetone at 30° was considered as phospholipide, although it is realized 
that the separation was not ideal. The soluble and insoluble fractions 
were isolated and weighed, care being taken to protect them from air. 
In experiments in which saturated trighveerides were fed the soluble frac- 
tions were dissolved in 100 volumes of boiling 85:15 aleohol-acetone solu- 


'The authors are indebted to Dr. Hermann Schlenk for the preparation of the 
glycerol and its esterification with conjugated linoleic acid. 
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tion, brought to room temperature, and held at 5° overnight. The insol- 
uble fraction was reprecipitated in the same manner. The soluble and 
insoluble fractions were dried and weighed. 

The phospholipide, alcohol-acetone-insoluble triglycerides, and alcohol- 
acetone-soluble triglycerides were then analyzed for labeled glycerol and 
conjugated linoleic acid as follows: Each of the three fractions was sapon- 
ified and the fatty acids extracted with petroleum ether, dried, weighed, 
and made to 100 ml. in isooctane. The conjugated acid concentration 
was determined spectrophotometrically according to the method of Brice 
et al. (4) but the extinction coefficient, as determined by Riemenschneider 
et al. (5) for linoleic acid prepared by physical means, was employed. The 
cholesterol content was found to be insignificant. 

The glycerol in the saponification liquor, after extraction of the fatty 
acids, was oxidized to formaldehyde with periodate and the formaldehyde 
precipitated with dimethyldihydroresorcinol. The resultant methylene 
bismethone was filtered and weighed for the determination of total glye- 
erol.? 

For the determination of specific activity of the glycerol the total meth- 
ylene bismethone was dissolved in 0.5 Nn NaOH. Aliquots containing 
about 60 to 100 mg. were brought to pH 5 with 0.1 x HCl and sodium 
acetate buffer. The reprecipitated methylene bismethone was filtered on 
Whatman No. 50 filter paper in a filtering apparatus.’ In order to obtain 
a uniform surface, the precipitate was resuspended in 50 per cent alcohol 
in the filtering apparatus and filtered dry. The dry precipitate was trans- 
ferred with a spatula to a tared ring and disk‘ and weighed. The activity 
Was measured by means of a thin window Geiger tube and sealer. The 
counting efficiency was 7.6 per cent. Samples of high activity were di- 
luted with inactive methylene bismethone to between 1000 and 2000 e.p.m. 

The COs was collected in a 5-fold excess of 1 N sodium hydroxide and 
precipitated as BaCOs; by the method of Beamer and Atchison (6). An 
aliquot of the BaCOs was finely ground, suspended in 30 per cent alcohol, 
and filtered on a disk of Whatman No. 50 filter paper mounted on a metal 
ring. It was then dried under a lamp and the activity determined. 


Results 


The values for the amounts of lymph and lymph glycerides obtained in 
the experiments are given in Table I. Partitions into aleohol-acetone- 


? Free glycerol vields 2 molecules of formaldehyde while glycerol phosphate, the 
alkaline hydrolysis product of phospholipides, vields 1. 

* Similar to Tracerlab precipitation apparatus ESA but with straight instead 
of sloping walls. 

* Tracerlab brass ring and disk 

* Nuclear Instrument and Chemieal Corporation. 
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soluble and insoluble fractions were made only of those lymph fats re- 
sulting from the ingestion of the mixture of labeled fat and saturated tri- 
glycerides. 

The composition of ingested and lymph fats is compared in Table II. 
If it is assumed that the difference between the percentages of conjugated 
fatty acids in the ingested and lymph fats is due to dilution with endog- 
enous fat, calculation of the expected loss of activity of radioactive glyc- 
erol due to the same dilution is possible. Any additional loss of labeled 
glycerol is then due to hydrolysis of the fat and disposition of the glycerol 
through other channels. The determination of per cent of dietary glyc- 


Tasie I 
Quantity of Lymph and Lymph Lipides Collected after Ingestion of Labeled Fat 
Lymph fat 
Rat No.| Time Fat fed, 1 gm. 
Total | Saturated* Uneatt- 
hrs. ml. gm. gm. 
l 0-12 Labeledt 37 0.4521 0.0304 0.4212 
13-28 38 0.1745 0.0340 0.1405 
2 0-24 s.s 25 0.2473 0.0196 0.2377 
3 0-24 20% labeled{ 28 0.8823 0.1384 0.4130 | 0.3300 
80% saturated§ 
4 0-24 50% labeledt 46 0.3240 0.0750 | 0.0984 0.1506 
50% saturated | 


* Insoluble in 85:15 alcohol-acetone at 5°. 
t Soluble in 85:15 alcohol-acetone at 5°. 
t Glycerol-labeled conjugated trilinolein (85.8 per cent conjugated acid, 89.7 ye. 


per gm. of glycerol). 
§ Recrystallized bayberry tallow. 


eride not hydrolyzed may be made by comparing the ratios of the per 
cent of conjugated acid to microcuries per gm. of glycerol in the ingested 


and lymph fats. These activity ratios of the mixed lymph glycerides were _ 


calculated from the weighted averages of the ratios of the different frac- 


tions. Thus calculated, the percentages of unhydrolyzed labeled glyc- | 


erides ingested in the four experiments were between 55 and 75 per cent 
(Table II). 


Phospholipides synthesized from the ingested glycerides were more _ 


diluted with endogenous phospholipide than was the neutral fat. This is 
to be expected from the common observation that the phospholipide in- 
crease in alimentary lipemia is much less than the neutral fat increase. 
The lymph phospholipides show a different metabolism from neutral fat. 


Adequate quantities of lymph phospholipide for glycerol analyses were 
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obtained from Rats 1 and 3 only. The proportion of conjugated linoleic 
acid to labeled glycerol in the lymph phospholipides is approximately 2. 


Taste II 


Active Glycerol and Conjugated Fatty Acids of Lymph Lipides after Ingestion of 


Glycerol-Labeled Conjugated Trilinolein 


Con- Ingested 
| of Per cent acid 
Rat No. Lipide pc per em. hyde 
per cent pc. per gm. per cont 
1 Fat fed 85.8 89.7 0.96 
Lymph neutral fat 
0-12 hrs. 84.0 50.3 1.67 57 
13-28 hrs. 44.9 25.5 1.76 55 
Lymph phospholipide 39.2 19.5 2.00 
2 Fat fed 85.8 89.7 0.96 
Lymph neutral fat 50.1 33.9 1.47 65 
phospholipide 23.5 t 
3 Fat fed 17.2 17.9 0.96 
Lymph neutral fat 
Saturated{ 6.7 4.9 1.36 70 
Unsaturated§ 14.5 11.2 1.29 74 
Lymph phospholipide 6.0 2.8 2.14 
4 Fat fed 42.9 44.9 0.96 
Lymph neutral fat 
Saturated{ 18.8 11.7 1.60 60 
Unsaturated§ 36.4 22.4 1.62 59 
Lymph phospholipide 12.0 t 


* The ratio (per cent of conjugated fatty acid)/(microcuries per gm. of glycerol) 
in the fat fed divided by the ratio in the lymph fat X 100 = per cent of ingested 
fat not hydrolyzed. This assumes that the labeled glycerol which appears in the 
lymph had not been hydrolyzed. 


t Insufficient quantity for analysis. 


t Insoluble in 85:15 alcohol-acetone at 5°. 
§ Soluble in 85:15 alcohol-acetone at 5°. 


Taste III 


C0, Excretion in Siz Successive 4 Hour Periods after Ingestion of 


Glycerol-Labeled Conjugated Trilinolein 


Rat No. 1-4 hrs. $-8 hrs. 9-12 hrs. 13-16 hrs. 17-20 hrs. 21-24 brs. 
we. X 10 ue. X 108 we. X 108 uc. X 10% uc. X 108 ue. X 108 

1 3.08° 5.77 5.50 2.19 0.95 0.71 

2 2.16 3.45 2.52 0.58 1.08 1.70 

3 0.37 0.77 0.84 0.72 1.73 0.55 

4 1.13 1.17 0.70 0.70 0.56 0.55 


* Thus, the activity excreted during this period was 3.08 X 10-* ye. 
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If one may assume that, as in neutral fat, no hydrolyzed glycerol was uti- 
lized, then 50 per cent of the labeled lymph phospholipides was synthesized 
from completely hydrolyzed glycerides and 50 per cent from absorbed glyc- 
erides. 

The rate of excretion of C“O, is shown in Table III. The time of the 
highest level of activity corresponds well with the time of greatest ab- 
sorption of fat as measured by fat levels in the blood (7). 


DISCUSSION 


It has been assumed above that the labeled glycerol which disappeared 
from the lymph had been hydrolyzed and that which appeared in the 
lymph had not been hydrolyzed. However, it is also possible that the 
latter fraction of the fed glycerol had been hydrolyzed and reutilized or 
that the labeled glyceride had been partially hydrolyzed to lower glycerides. 
The experiments in which saturated triglycerides (recrystallized bayberry 
tallow) were fed at 50 and 80 per cent levels with the labeled fat were de- 
signed to test the various possibilities. If hydrolysis and random resyn- 
thesis with labeled glycerol took place, some di- and trisaturated glycerides 
would have been formed with the labeled glycerol. By crystallizing the 
lymph fat from an alcohol-acetone solution the di- and trisaturated glye- 
erides would be concentrated in the insoluble fraction and the di- and 
triunsaturated glycerides in the soluble fraction. The ratios of the per 
cent conjugated acids to microcuries per gm. of active glycerol in these 
fractions will be different, depending upon the kind of hydrolysis. 

The theoretical ratios were calculated for the different. hypothetical hy- 
drolytie conditions: (a) = complete hydrolysis and reutilization of labeled 


saturated; soluble fraction 2.40 | 1.20 | 1.2 
80% soluble fraction 5.00 1.09 O.84 1.32 1.36 
1.35 1.29 


80° insoluble fraction | @ | 


glycerol; (b) = no hydrolysis; (c) = hydrolysis to diglycerides; (d) = hy- 
drolysis to monoglycerides; (e) = experimental values. 

The experimental values thus best fit the condition of hydrolysis to 
monoglycerides. Studies with synthetic mixtures showed that, although 
perfect. separations could not be made by this crystallization, fair concen- 
trations could be made. Therefore, if condition (a), (b), or (ce) prevailed, 
the same ratios would not have been obtained in the soluble and insoluble 
fractions of the lymph fat after feeding the two different mixtures. It is 
thus hard to eseape the conclusion that the glycerol-labeled glycerides 
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which appeared in the lymph had been hydrolyzed to monoglycerides and 
absorbed as such and then resynthesized to triglycerides by chance with 
the available fatty acids. 

The present observation that only approximately 25 to 45 per cent of 
ingested glycerides is completely hydrolyzed supports Frazer’s hypothesis 
that hydrolysis is not a requisite to fat absorption (8, 9). The evidence 
does not support the concept that no complete hydrolysis takes place, since 
the failure of a large proportion of the ingested glycerol to appear in the 
lymph with the labeled acid is conclusive evidence that complete hydrolysis 
of that fraction did occur. This condition might be possible if mono- 
glycerides were absorbed by way of the portal system, but it has been 
demonstrated beyond reasonable doubt that, in whatever form fed, fatty 
acids are absorbed by way of the lacteals and thoracic duct (1, 2, 10, 11). 

The observation that no free glycerol is reutilized was not unexpected. 
Considering the slow rate of hydrolysis and the water solubility of the 
glycerol, it is to be expected that any free fatty acid would be resynthesized 
to glycerides with some endogenous source of glycerol. 

Favarger and Collet (12) fed deuterium-labeled glycerol with elaidin and 
found that 1.6 to 4.2 per cent of the glycerides of the intestinal wall con- 
tained the labeled glycerol. This very small amount was interpreted as 
evidence against the hydrolysis of appreciable proportions of the ingested 
elaidin rather than against the reutilization of hydrolyzed glycerol. They 
assumed the hydrolyzed and labeled free glycerol would mix freely to form 
new glycerides. Their conditions differ from slow glycerol release during 
digestion. 

The larger ratio of conjugated acid to labeled glycerol in the lymph 
phospholipides than in the neutral fat indicates some different function for 
the latter. The ratio of 2 shows that of the lymph phospholipides formed 
from ingested fat half is synthesized anew from the absorbed hydrolyzed 
acids and half from the absorbed glycerides. 

The rate of appearance of C“O:, corresponding as it does to the normal 
curve of fat absorption, shows that the rate of hydrolysis of the glycerides 
corresponds to the normal rate of absorption of fatty acids and that a part 
at least of the glycerol is immediately metabolized. 


SUMMARY 


A study was made of the mechanism of fat absorption in the intestine 
by the use of synthetic trighveerides in which the glycerol was labeled with 
C™ and the fatty acids with conjugated double bonds. This synthetic 
glyceride was administered either alone or with unlabeled saturated tri- 
glycerides. A study of the resultant lymph lipides led to the following 
conclusions. 
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1. Approximately 25 to 45 per cent of the ingested glycerides was com- 
pletely hydrolyzed during absorption. 

2. The remaining 55 to 75 per cent of the ingested glycerides was hy- 
drolyzed to monoglycerides. 

3. Hydrolyzed glycerol was not utilized for resynthesis of lymph glyc- 
erides but followed an independent metabolic pathway. 

4. Half of the lymph phospholipide formed from ingested fat utilized 
the hydrolyzed fatty acids and endogenous glycerol. The other half was 
synthesized from absorbed glycerides. 
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INTRACELLULAR DISTRIBUTION OF CHOLINE OXIDASE* 


By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, August 9, 1951) 


Recently considerable attention has been centered upon the relation of 
choline oxidase activity to folic acid, the Leuconostoc citrovorum factor 
(LCF), ascorbic acid, and vitamin By. From this laboratory it has been 
indicated that rat liver choline oxidase can be stimulated in vitro under 
certain conditions by these factors, especially if the activity of the enzyme 
is previously decreased by dietary aminopterin (1-3). In beginning a more 
detailed study of the prosthetic group of choline oxidase, the present 
experiments were carried out to locate the activity of the enzyme in one 
of the fractions of rat liver, by means of Schneider’s method of differential 
centrifugation (4). In this way it could be determined whether choline 
oxidase is associated with the nuclei, mitochondria, microsomes, or the 
supernatant, or whether a combination of two or more fractions is necessary 
for the enzymatic activity. Quite recently Swendseid e¢ al. (5) have re- 
ported the intracellular distribution of vitamin By, folie acid, and LCF 
in mouse liver. In view of that work and the previous investigations 
relating these factors to choline oxidase, it was of interest to determine | 
whether the distribution of the enzyme follows the distribution of these 
factors in the liver fractions. 


EXPERIMENTAL 


Preparation of Liver Fractions—Adult, male rats of the Holtzman strain 
were fed a good synthetic ration containing 18 per cent casein (1) for at 
least 10 days before the experiments. The livers were removed and the 
fractions prepared in isotonic sucrose according to the methods outlined 
by Schneider (4). The fractions, nuclei (N), mitochondria (Mt), micro- 
somes (Ms), and supernatants (S), were diluted to the appropriate vol- 
umes with isotonic sucrose and kept in cracked ice until all the fractions 
had been prepared. Portions of the original whole 1:10 homogenates 
were removed and kept in ice until the fractions had been prepared. This 
permitted comparison of the activity of the original unfractionated homoge- 
nate with the sum of the various fractions. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation. 
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Measurement of Choline Oxidase Activity—The measurements of oxygen 
uptake due to oxidation of choline were carried out manometrically at 37°. 
The flasks contained 0.8 ml. of 0.039 m sodium potassium phosphate buffer 
and the following volumes of the prepared fractions: nuclei 0.1 ml., mito- 
chondria 0.1 ml., microsomes 0.1 ml., supernatant 0.8 ml. The fractions 
were studied singly and in various combinations. When the whole ho- 
mogenate activity was determined, 0.4 ml. of the 1:10 homogenate was 
used. The volumes of the various fractions listed above were equivalent 
to the amount of that fraction in 0.4 ml. of the 1:10 whole homogenate. 
In all cases, isotonic sucrose was added to bring the final volume in the 
main compartment of the flask to 1.9 ml. In the side arms of alternate 
flasks 0.1 ml. of 2 per cent choline chloride or water was added. Thus 
the final volume after addition of substrate, exclusive of the 0.2 ml. of 10 
per-cent potassium hydroxide in the center wells, was 2.0 ml. 

The flasks were incubated for 10 minutes, the substrate or water added 
from the side arm, the stop-cocks closed, and the oxygen uptake recorded 
at intervals for 150 minutes. 


Results 


The results of the measurements of the choline oxidase activities of 
the various fractions are shown in Table I. The activity is presented as 
the percentage of the oxidation of choline, when all the fractions are com- 
bined. Thus a direct comparison of the figures can be made, since the 
oxidation of the choline by the reconstructed homogenate, ¢.e. a mixture 
of the nuclei, mitochondria, microsomes, and supernatant, is calculated to 
be 100. The figures reported are the average results of ten separate 
experiments. 

From the results it appears that almost all of the choline oxidase is 
located in the mitochondria. However, an anomalous situation arises in 
that, when the activities of the individual fractions are added together, 
the total is well over 100 per cent of the reconstructed homogenate. Fur- 
ther study of these results, particularly of the combinations of the various 
fractions, reveals that, whenever the supernatant is included with one or 
more of the fractions, the activity of those fractions is inhibited in each 
case to about the same extent. This probably explains why the sum of 
the activities of the individual fractions is greater than the activity of the 
mixture of the fractions. On the other hand, the activity of the whole, 
unfractionated homogenate is approximately equal to the calculated sum 
of the individual fractions. Also the mixture of nuclei, mitochondria, 
and microsomes gave about the same activity as the unfractionated homoge- 
nate. When the supernatant was added to the mixture of these three 
fractions, however, the activity was decreased about 40 per cent, which is 
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the same depression of activity by the supernatant that was observed 
whenever it was added to any one or a combination of the fractions. 


TaBie 
Oxidation of Choline by Fractions Isolated from Rat Liver Homogenates in Isotonic 
Sucrose 
Relative choline Relative choline 
Fraction oxidase Fraction oxi 
activity? 
Reconstructed homogenate (N | 100 N+ Mi 112 
+ Mt + Ms + 8) Mt +s | 63 
Nuclei (N) 24 N + Mt + Ms | 140 
Mitochondria (Mt) 07 | 7 
Microsomes (Ms) 14 Whole homogenate 150 
Supernatant (S) | 5 


* Based on reconstructed homogenate activity of 100. All of the figures are the 
average of ten separate experiments. 


Il 
Effect of Heat on Inhibition of Choline Oxidase by Supernatant Fraction 


System activity® 

per cent 
ces 97 
Mt + unheated supernatant............................. 60 
‘* + supernatant heated 2 min........................ 79 
“4 « 4+ + unheated 100 
4 + supernatant heated 2 min............. 109 


* Based on reconstructed homogenate activity of 100. All of the figures are the 
average of three to six separate experiments. 


Therefore, it appears that during the process of fractionation an inhibitor 
was produced in the supernatant. 

Further Study of Supernatant Inhibitor—The inhibitor in the superna- 
tant was further investigated by observing its stability toward heat. The 
supernatant fraction was prepared as described above and divided into 
four aliquots. ‘Three of the aliquots were heated to 100° for 2, 5, and 10 
minutes, respectively. Longer times of heating were not employed because 
of evaporation of the liquid from the supernatant. Each of the aliquots 
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was then added to a system containing mitochondria or a combination 
of mitochondria, nuclei, and microsomes, and the effect on oxidation of 
choline was determined manometrically as described in a preceding section. 
The results of these experiments are presented in Table II. Here it can 
be seen that the unheated supernatant inhibits choline oxidation in the 
mitochondria alone as well as in the combination of fractions to the same 
extent, as shown in Table I (40 per cent). However, heating of the super- 
natant progressively decreases its inhibition, although the inhibition is 
not removed entirely after 10 minutes of heating. Therefore, the factor 
in the supernatant inhibitory to choline oxidase appears to be fairly labile 
to heat. Further studies of the properties and characterization of the 
inhibitor are being undertaken at present. 


DISCUSSION 


It is interesting to correlate the distribution of choline oxidase in the 
various liver fractions presented in this report with the distribution of 
vitamin B,: and the L. citrovorum factor in the liver fractions reported by 
Swendseid et al. (5). The latter workers observed that in mouse liver 
vitamin By, and LCF are located mainly in the mitochondria and super- 
natant fractions. It is possible that the presence of these factors in the 
supernatant is a reflection of extraction of the vitamins from the mito- 
chondria by the supernatant liquid. Nevertheless, among the particulate 
groups of matter of the liver, these factors are much more highly concen- 
trated in the mitochondria than in the nuclei and submicroscopic particles. 
Therefore, the earlier indications that vitamin By, folic acid, and LCF are 
related to the maintenance of choline oxidase activity (1-3) are further 
implemented by the fact that these factors and choline oxidase are more 
localized in the mitochondria than in the other groups of particulate cell 
matter. 

SUMMARY 


1. The intracellular distribution of choline oxidase in rat liver has been 
investigated. The enzyme is highly concentrated in the mitochondria, 
while only small amounts are found in the nuclei and microsome fractions. 

2. A potent, heat-labile inhibitor of choline oxidase is present in the 
supernatant fraction. 
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THE AEROBIC OXIDATION OF REDUCED TRIPHOS- 
PHOPYRIDINE NUCLEOTIDE BY A WHEAT GERM 
ENZYME SYSTEM* 


By ERIC E. CONN,ft L. M. KRAEMER, PEI-NAN LIU,} ano 
BIRGIT VENNESLAND 


(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, August 10, 1951) 


Water extracts of wheat germ contain a soluble protein fraction 4vhich 
catalyzes the aerobic oxidation of TPNH! (1). This enzyme activity, 
which will be called TPNH oxidase, consists of at least two different pro- 
teins, one of which is a peroxidase. The experimental evidence for these 
conclusions is presented in this paper. 


EXPERIMENTAL 


Demonstration of TPNH Oxidase—The rate of decrease in light absorp- 
tion at 340 my, due to TPNH, was used as an assay for the enzyme. The 
test was run routinely in glycylglycine buffer of pH 7.4. The conditions 
are given in detail in the legend to Fig. 1. Under these circumstances, 
the rate of change in optical density was roughly proportional to the 
amount of enzyme employed, in the range A log J)/J = —0.010 to —0.200 
per 5 minutes. Typical results are shown in Curves | and 2 of Fig. 1. 
Curve 3 demonstrates the inhibition of the oxidation by cyanide, and 
Curve 4 shows the dependence of the reaction on the presence of oxygen. 
In this latter experiment, the enzyme and its substrate were incubated 
for 15 minutes in an evacuated Thunberg tube. During this time no 
oxidation of TPNH occurred. The reaction mixture was then transferred 


to a Beckman cuvette, whereupon a slow oxidation ensued, owing to the 


small amount of O: dissolved in the liquid during the transfer. After air 
had been bubbled through the medium for 30 seconds, at 21 minutes, the 
oxidation rate increased to that observed when the test was run without 
removal of dissolved O; by evacuation. In general, the O; dissolved in 


* Aided in part by a grant to Dr. T. R. Hogness from the Rockefeller Founda- 
tion, by the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University 
of Chicago, and by a grant from the American Cancer Society on recommendation 
by the Committee on Growth of the National Research Council. 

t Predoctoral Fellow, Atomic Energy Commission, 1949-50. 

t Fellow of the World Health Organization, 1949-50. 

‘TPN designates either oxidized or reduced triphosphopyridine nucleotide; 
TPNH designates the reduced form, and TPN*, the oxidized form. DPN, DPNH, 
and DPN* represent the corresponding forms of diphosphopyridine nucleotide. 
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the reaction medium was more than adequate to oxidize the TPNH used 
in the test. 
Dialyzed water extracts of wheat germ contain enzymes which hy- 


0.20 


O10 


LOG 


0.05 


8 16 24 


MINUTES 

Fic. 1. Oxidation of TPNH by wheat germ oxidase. The oxidation of TPNH was 
determined spectrophotometrically at 340 mg; Corex cells, d = 1.0 em.; temperature 
28-30°. The measurements were made against blanks which received all additions 
except TPNH. The reaction mixtures contained 0.11 um of TPNH, 100 ue of glyeyl- 
glycine buffer, pIl 7.4, and water to a final volume of 3.0 ml. Curve 1, 0.82 mg. of 
wheat germ Preparation I added at zero time; Curve 2, 0.41 mg. of Preparation I 
added at zero time. Curve 3, 0.82 mg. of Preparation | added at zero time to a sam- 
ple containing 6 wm of KCN in addition to the other reagents. Curve 4, 0.82 mg. 
of Preparation I added at zero time to the reaction mixture containing 0.12 gm of 
TPNH in an evacuated Thunberg tube. After 15 minutes, air was admitted and 
the reaction mixture was rapidly transferred to cuvettes with minimal stirring. 
At 21 minutes, air was bubbled through the reaction mixture for 30 seconds. 


drolyze TPNH and TPN*. Removal of these hydrolyzing enzymes was a 
necessary prerequisite to the unequivocal demonstration that the reaction 
catalyzed by TPNH oxidase is not accompanied by destruction of the 
pyridine nucleotide. With wheat germ Preparation I, TPNH was con- 
verted almost completely to TPN*; i.c., there was no appreciable de- 


struction of TPN during the time required for the oxidation. This was | 
demonstrated by reduction of the TPN*+ with glucose-6-phosphate and — 
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Zwischenferment. The light absorption at 340 mu was thereby brought 
back almost to its original value, before addition of the oxidase. It must 
be emphasized that such regeneration of TPNH was not observed with 
oxidase preparations in which the ratio of hydrolyzing enzymes to oxidase 
was sufficient to give appreciable hydrolysis of TPN during the time of 
the test. 

Properties of Oxidase—TPNH oxidase may be stored at — 15° for months 
and dialyzed for several days at neutral pH without measurable inacti- 
vation. It is completely destroyed, however, in 1 minute at 100°. Cen- 
trifugation at 18,000 X< g for 1 hour results in no demonstrable sedimen- 
tation of activity. 

Phosphate, veronal, and tris(hydroxymethylaminomethane buffers may 
be substituted for glycylglycine in the test system. No evidence has been 
obtained of any requirement for inorganic phosphate. Enzymically re- 
duced TPNH, prepared with glucose-6-phosphate and Zwischenferment, 
is oxidized at the same rate as chemically reduced TPNH. The oxidase 
is not specific for TPNH. It catalyzes the aerobic oxidation of DPNH 
also, at about one-fourth the rate of oxidation of TPNH. 

TPNH oxidase is inhibited by a wide variety of compounds. Some 
representative results of inhibition studies are shown in Table I. Sub- 
stances known to inhibit heme and copper enzymes are effective inhibitors, 
as are ascorbic acid and catalase. The inhibition by catalase suggested 
that H.O. might be formed during the enzyme reaction. The effect of 
added H.O, was therefore tested. In general, inhibitions were observed. 
Thus, with one preparation, 9 X 10-5 m H.O, gave 50 per cent inhibi- 
tion, and 3 X 10-* m H,Q, inhibited 100 per cent. With another enzyme 
preparation, however, which was low in oxidase activity, added H,O, 
stimulated the oxidation of TPNH. 

Separation of TPNH Oxidase into Two Components—-When wheat germ 
protein extracts were fractionated with (NH,4).S0,, the oxidase was pre- 
cipitated over a wide range of salt concentration, total recovery of enzyme 
was poor, and the specific activity of the enzyme in the best fraction was 
only twice as great as that of the starting material. These results were 
explained by the observation that recombination of some of the fractions 
gave mixtures with higher enzyme activity than the sum of the activities 
of the separate fractions. The results of a typical recombination experi- 
ment are given in the first section of Table II. 

A more clear cut separation of the two components was achieved by 
electrophoresis. Wheat germ extracts contain a protein component of 
very low mobility, which can readily be distinguished visually by its rose- 
red color as opposed to the vellow-brown color of the remaining solution. 
This fraction was separated from the faster moving proteins by the pro- 
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cedure outlined in the legend to Fig. 2. Tests of the separated and re- 
combined fractions for TPNH oxidase then revealed clearly that both 
components were required for enzyme action. The results are given in | 
Table II. The faster moving proteins, Fraction AU, tested alone, con- } by 


TaBLe I 
Inhibitors of TPNH Oxidase 
Per cent inhibition 
Inhibitor 
Preparation I | Preparation III | (N 
0.002 m potassium cyanide.............................. 78 - 
55 75 0 
0.002 “ “ jodoacetate............. 0 0 
0.0002 m diethyldithiocarbamate........................ 100 Ele 
0.0002 ‘‘ phenylthiourea..... 37 1 
0.0006% methylene 25 
0.1 ‘* phosphate buffer, pH 7.4......................... 55 
0.0002 m copper sulfate......... 50 


The conditions were similar to those described in Fig. 1. In the experiments 
with Preparation I, the reaction mixture consisted of 3.0 ml. of 0.033 m glycylgly- I 
cine buffer, pH 7.4, which contained 0.8 mg. of wheat germ Preparation I and the | per 
inhibitor in the concentration indicated. In the experiments with Preparation was 
III, 0.8 mg. of wheat germ Preparation III and 0.033 m tris(hydroxymethyl)amino- cell. 
methane were employed. The reaction was started by the addition of 0.1 yum of | fron 
TPNH to the mixture of enzyme, inhibitor, and buffer. sect 

tion 


tained no detectable oxidase. The slower moving components, Fraction | 
DU, exhibited some activity when tested alone, but its enzyme action’ fact 
was greatly enhanced by the addition of Fraction AU. Neither Fraction | tion 
AU nor DU was electrophoretically homogeneous. One of the main con- | It \ 
stituents of Fraction DU, however, was identified as a peroxidase. The pres 
enzyme was detected by the method of Avery and Morgan (2). The exhi 
absorption spectrum was typical of a heme protein and the low electro- 0 


| 
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phoretic mobility was likewise in keeping with Theorell’s observations on 
electrophoresis of peroxidase (3). 

A purified preparation of horseradish peroxidase, generously provided 
by Dr. B. Chance, was then tested for its ability to substitute for Frac- 


TaB_e II 
Oxidase Activity of Recombined Protein Fractions 
Protein preparations obtained by log in min 

(NH,),SO, precipitation | 

0.5 “ “s II + 0.95 mg. Preparation IV............ 0.103 

0.5 mg. Preparation II + 2.1 X 10-? um of peroxidase........... 0.060 
Electrophoretic separation 

0.000 

0.016 

1.5 mg. Fraction AU + 0.125 mg. Fraction DU. ............... 0.100 

2.1 10-* of peroxidase. ...... 0.000 

1.5 mg. Fraction AU + 9 X 10~¢ um of peroxidase ............. 0.140 


The conditions were similar to those described in the legend to Fig. 1. The indi- 
cated protein'fractions were added to the buffer, and the reaction was started by 
addition of TPNH. . 


AU 
Fic. 2. Diagram of appearance of protein boundaries at 22,200 seconds. A 2.3 
per cent solution of protein Preparation I in 0.03 m veronal, 0.07 m NaCl, pH 7.95, 


was run at approximately 5.0 volts cm.~' in the conventional 11 ml. double section 
cell. At 22,200 seconds the current flow was stopped. Fraction DU was removed 


from the upper section of the descending limb, and Fraction AU from the upper 


section of the ascending limb, as indicated. 


tion DU. The results given in Table II showed that peroxidase was, in 
fact, a necessary component of the enzyme system. In contrast to Frac- 
tion DU, the pure peroxidase was completely inactive when tested alone. 
It was likewise incapable of catalyzing the oxidation of TPNH in the 
presence of added H,O2. But a mixture of peroxidase and Fraction AU 
exhibited good TPNH oxidase activity. 

Observations Bearing on Reaction Mechanism—The inhibition of TPNH 
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oxidase by catalase and the identification of peroxidase as a constituent of 
the enzyme system suggested very strongly that H2O, might be an inter- 
mediate in the reduction of oxygen. Further evidence for peroxide forma- 
tion was obtained by the demonstration that the oxidation of reduced 
cytochrome c could be coupled with the oxidation of TPNH by the oxi- 
dase. Preparations of wheat germ oxidase catalyzed the oxidation of 
ferrocytochrome c by added H2O2. There is no reason to attribute this 
to an enzyme distinct from the other peroxidase, since Chance (4) has 
shown that ferrocytochrome c is a good substrate for peroxidases generally. 
When TPNH and Oy, were substituted for H.O., an oxidation of ferro- 
cytochrome c likewise occurred. 

Since there was a small but definite cytochrome reductase activity in 
the TPNH oxidase preparations, it appeared possible that cytochrome c 
might function as a component of the enzyme system. All attempts to 
detect cytochrome c in the oxidase gave completely negative results, how- 
ever. The succinic oxidase system of pig kidney described by Keilin 
and Hartree (5) was used to determine cytochrome c. With this enzyme, 
QO, consumption is very small in the absence of added cytochrome c. 
When as little as 1 X 10~* m cytochrome was added, there was a decided 
increase in oxygen consumption, but large amounts (130 mg.) of TPNH 
oxidase caused no stimulation of oxygen consumption whatever. It was 
estimated that 4 X 10-* mg. of cytochrome c per mg. of oxidase could 
easily have been detected. Cytochrome c therefore could pe excluded as 
a component of the oxidase. 

Experiments were also carried out to determine whether the peroxidase 
of the enzyme was reduced by TPNH. No evidence of such a reduction 
was obtained. 


DISCUSSION 


Although the classical route of hydrogen transport by way of cyto- 
chrome reductase and cytochrome c seems definitely ruled out, it is pre- 
mature to draw conclusions regarding the mechanism of oxidation of 


TPNH by preparations of wheat germ oxidase. Further work is neces- | 


sary to ascertain the extent to which TPNH oxidase functions in plant 
metabolism. In this connection the question arises Whether such an oxi- 
dase occurs in other plant sources. At present the enzyme has been dem- 
onstrated directly only in wheat germ. Nevertheless, the phenomena 
which led originally to the discovery of this oxidase were by no means lim- 
ited to wheat germ. Preceding papers have described attempts to devise 
a quantitative assay for a triphosphopyridine nucleotide malic enzyme 
present in plant protein fractions (6, 7). Direct spectrophotometric assay 
of this enzyme (7.c. measurement of increase in log /5/ 7 at 340 my due to 


tic 
t 
T 
e 
di 
p 
W 
re 
M 
3 
| Wi 
(2 
ci 
M 
fu 
ad 
T 
Be. 
di 
| tal 
| 
the 
aq 
pe 
we 
ce 
ag: 
it 
th 
wh 
tra 


CONN, KRAEMER, LIU, AND VENNESLAND 149 


reduction of TPN+ by malate) gave anomalous results, even with prepara- 
tions shown by other means to contain large amounts of enzyme. Some of 
these results, for example failure to obtain the full expected reduction of 
TPN, could be accounted for by the demonstrated presence of hydrolytic 
enzymes which destroyed the TPN. Frequently, however, an initial re- 
duction was followed by an apparent reoxidation, as evidenced by a de- 
crease in the light absorption at 340 mu. (Results obtained with a carrot 
preparation have been published previously (6).) Since in the case of 
wheat germ the factor responsible for the reoxidation has been shown to 
be TPNH oxidase, it is not unlikely that such an oxidase will account for 
results obtained with proteims from other plant sources also. 


Materials 


Wheat Germ Protein Preparation—Preparation I was prepared from Gold 
Medal wheat germ meal (General Mills, Inc.) in the following manner: 
3 kilos of wheat germ were extracted for 30 minutes at room temperature 
with 12 liters of distilled water and then centrifuged. 250 gm. of 
(NH,)2SO, were added per liter of extract (total volume 9560 ml.), the 
pH adjusted to 6.8, and the precipitate which formed was discarded. The 
(NH,)2SO, concentration was increased to 325 gm. per liter, and the pre- 
cipitate was collected by centrifugation and suspended in 860 ml. of 0.025 
m phosphate buffer, pH 7.4. This solution was cooled to 6° and centri- 
fuged to remove insoluble material. 250 ml. of 3.8 m (NH,).SO, were 
added to the supernatant and the resulting precipitate was discarded. 
The precipitate which formed on the further addition of 50 ml. of 3.8 m 
(NH,).SO, was collected, dissolved in 0.025 m phosphate, pH 7.4, and 
dialyzed against this buffer until free of (NH,4).SO,. The solution con- 
tained 158 mg. of protein per ml. 

Preparations II, III, and IV were prepared from wheat germ “B” of 
the B. A. Eckhart Milling Company. Solid (NH,).SO, was added to an 
aqueous extract (4 ml. of water per gm. of wheat germ) and the two frac- 
tions which precipitated between salt concentrations of 150 to 250 gm. 


_ per liter (precipitate “a”’) and 250 to 325 gm. per liter (precipitate “‘b’’) 


were collected by centrifugation, dissolved in 0.025 m phosphate buffer, 
pH 7.4, and dialyzed against the same buffer until free of sulfate. 185 
gm. of (NH,).SO, were added per liter of solution a. The precipitate was 
centrifuged, dissolved in 0.025 m phosphate buffer, pIl 7.4, and dialyzed 
against the same buffer until free of sulfate. This was Preparation II; 
it contained 43 mg. of protein per ml. The (NH,).SO, concentration of 


_ the supernatant was increased to 220 gm. per liter, and the precipitate 


which formed was centrifuged and discarded. The (NH,):SO,4 concen- 
tration of the supernatant was then increased to 250 gm. per liter and the 
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resulting precipitate was centrifuged, dissolved in 0.025 m phosphate 
buffer, pH 7.4, and dialyzed against the same buffer until free of sulfate. 
This was Preparation III; it contained 56 mg. of protein per ml. To ob- 
tain Preparation IV, solid (NH,4)2SO, was added to the solution containing 
precipitate b, and the precipitate obtained between salt concentrations of 
290 and 330 gm. per liter was dissolved in 0.025 m phosphate buffer, pH 
7.4, and dialyzed free of sulfate. Preparation IV contained 60 mg. of 
protein per ml. 

TPNH—TPNH of 54 per cent purity was prepared by a slight modi- 
fication of Ohlmeyer’s procedure for the preparation of DPNH (8): 100 
mg. of 50 per cent TPN+* were added to the main compartment of a War- 
burg flask containing 4.6 ml. of 1.3 per cent NaHCO;. After gassing 
with 5 per cent CO.-95 per cent N: and equilibration at 25°, 32 mg. of 
Na2S.0, were added from the side arm and shaking was continued for 2 
hours. The contents of the flask were then centrifuged and a precipitate 
which contained littl TPNH was discarded. The supernatant was 
poured into 9.2 ml. of cold absolute ethyl alcohol and the mixture was 
cooled at —15° for 20 minutes. The precipitate which formed was cen- 
trifuged, washed, and dried with alcohol and ether; weight 51 mg., purity 
41 per cent TPNH. The supernatant from the first alcohol precipitation 
was added to 30 ml. of absolute ethyl alcohol and cooled at — 15° to give 
a second precipitate which was washed and dried with alcohol and ether; 
weight 51 mg., purity 32 per cent TPNH. The two precipitates were 
then combined and extracted at room temperature with 20 ml. of absolute 
methyl alcohol. The extraction fluid was poured into a mixture of 30 
ml. of ethyl alcohol and 30 ml. of diethyl ether and stored at —15° for 2 
hours. The precipitate was centrifuged, dried with ether, and analyzed; 
weight 38.5 mg., purity 54 per cent TPNH (calculated as the tetrasodium 
salt). A second methanol extraction of the combined precipitates gave a 
precipitate weighing 39 mg.; 31 per cent TPNH. The total recovery of 
coenzyme was 65 per cent and the yield of TPNH of purity comparable 
to the starting material was 40 per cent. 

All other materials have been described in previous papers (6, 9). 


Wheat germ contains an enzyme system, TPNH oxidase, which cata- 
lyzes the oxidation of TPNH by molecular oxygen. The system contains 
at least two protein components, one of which is peroxidase. The enzyme 
is inhibited by catalase, and an oxidation of ferrocytochrome c can be 
coupled with the oxidation of TPNH. Cytochrome c is not a necessary 
component of the enzyme. 


= 
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late The authors wish to express their appreciation to Dr. Eugene Goldwasser 
ate. | who performed the electrophoretic experiments. 
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Surprisingly little is known concerning the precise manner of dephos- 
phorylation of adenosinetriphosphate (ATP) in animal tissues other than 
muscle. In most studies of “ATPase’’ the quantity of orthophosphate 
liberated when tissue is incubated with ATP is measured. However, it is 
possible for orthophosphate to be cleaved from ATP and its derivatives 
by a host of enzymes, as shown in Fig. 4. It therefore needs to be es- 
tablished for each tissue that orthophosphate liberation is a measure 
chiefly of ATPase activity. 

We are presenting evidence that such is the case with rat liver homo- 
genate and the mitochondrial fraction isolated from it. We are reporting 
the distribution among isolated intracellular fractions of ATPase activity, 
based on measurement of nucleotide changes as well as orthophosphate 
liberation, and of adenylate kinase' activity, together with the effects 
upon these activities of calcium and magnesium ions, sodium and potas- 
sium ions, and a number of inhibitors. 


EXPERIMENTAL 


Method of Fractionation—Differential centrifugation was employed, es- 
sentially by the method of Hogeboom, Schneider, and Pallade (8).? 


* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Publie Health 
Service, and by a grant-in-aid from the American Cancer Society upon recommenda- 
tion of the Committee on Growth of the National Research Council. Most of this 
material has been presented at the 1950 and 1951 meetings of the American Society 
of Biological Chemists; some of it has appeared in abstract form (1, 2). 

' This name has been proposed by Colowick (3) for the enzyme also known as 
myokinase (4) and as ADP phosphomutase (5). Although it could not be deteeted 
in liver by Colowick and Kalekar (4), its presence was later clearly demonstrated 
in rabbit liver by Kotelnikova (5). While our manuscript was in preparation, 
Kielley and Kielley (6) and Barkulis and Lehninger (7) reported the presence of 
the enzyme in the mitochondria of mouse and rat liver respectively. 

? The essential departures from their procedure were (1) omitting both the initial 
mashing of the liver before homogenization and the step in which the homogenate 
is layered over sucrose, and (2) sedimenting the microsome fraction from 0.44 m 
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Hypertonic (0.88 m) sucrose was used in most experiments. In some, 
distilled water was used and the centrifugal forces were adjusted so that 
the fractions contained particles calculated (10) to be the same size as 
when sucrose was employed. The fractions were comparable to those 
used by other investigators (8, 11), as judged by the nitrogen and nucleic 
acid analyses included in Table I of this paper and the succinoxidase ace- 
tivities reported elsewhere (12). The nuclear fraction was contaminated 
by unbroken cells, free mitochondria, and other easily sedimentable struc- 
tures such as erythrocytes and bile canaliculi. The mitochondrial frac- 
tion (which included the poorly sedimented pink layer (13, 14)) always 
contained small particles, barely above the limit of visibility with phase 
microscopy, which were presumed to be microsomes. The microsome 
fraction was free of mitochondria and other visible contaminants except 
for occasional oil droplets. The supernatant fluid was optically empty, 
except for oil droplets in some instances; by calculation (10) it was free 
of all particles above 41 my in diameter. 

Substrates—The ATP used was purchased from the Sigma Chemical 
Company, as the dibarium salt. It was converted to the sodium salt 
with sodium-charged Amberlite IR-100 (15) and adjusted to pH 68. 
Although the resulting solution was free of metallic and other impurities 
detectable by the method of LePage and Potter (16), it contained variable 
amounts of adenosinediphosphate (ADP) and adenosine-5’-phosphate 
(A-5’-P). Assayed by the enzymatic method of Hitchings (see below), 
the average distribution of nucleotides, expressed in percentage of total 
organic phosphorus, was ATP 89, ADP 8.5, and A-5’-P 3 per cent. The 
solution was also analyzed by the ion exchange method of Cohn and Carter 
(17). This indicated a combined ADP and A-5’-P phosphorus of approxi- 
mately 20 per cent of the total. Of this, apparently some was formed 
from the ATP in the procedure, since, in our hands, the ATP eluted from 
a column and then adsorbed and eluted from a second column gave about 
9 per cent ADP phosphorus. 

The ADP was used as the sodium salt, produced by sodium-charged 
Amberlite IR-100 from the barium salt (Sigma Chemical Company). 
Assayed by the Hitchings method, it gave an average nucleotide P dis- 
tribution of ADP 94.3, ATP 3.6, and A-5’-P 2.1 per cent. 

The A-5’-P used was the crystalline acid purchased from the Ernst 
Bischoff Company, Inc.; it had no detectable ADP or ATP. 

Analytical Methods—Except where otherwise indicated, AT’P dephos- 
phorylation was measured in a system patterned after DuBois and Potter 
(18). In this “standard system,” the final concentrations were sodium 


sucrose e (9) at 144 000 x 4 q for 69 minutes in a Spinco model L contrifuge and t using it 
without washing. 
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barbital, pH 7.4, 2.4 X 10°? m; ATP, pH 7.4, 3.3 X 10-* m; and either 
homogenate, 1 to 2 mg. per ml., wet weight, or fractions, in quantities 
determined by their levels of activity. The activity was measured in the 
absence of additional salts, in the presence of optimal CaCl, (10-* m), 
and with optimal MgCl, (10- m). In each case duplicates were run with 
two levels of tissue. After incubation for 15 minutes at 37.5°, cold tri- 
chloroacetic acid was added (final concentration 8 per cent) and the tubes 
were immersed in ice-cold water. Protein-free filtrates were assayed for 
orthophosphate by the method of Lowry and Lopez (19) or of Fiske and 
Subbarow (20). 

The disappearance of ATP and the appearance of ADP and A-5'-P 
were followed by the method of Hitchings and Fuller (21),* slightly modi- 
fied. In these experiments, perchloric acid was used to stop the reaction. 
Protein-free filtrates were assayed for orthophosphate (20), hydrolyzable 
phosphorus (7 minutes, 100°, 1 Nn HCl), and total phosphorus (22). An 
appropriate aliquot was incubated in the following mixture: M/7 sodium 
barbital, pH 8.8, 3 ml.; lyophilized snake venom (Crotalus adamanteus),‘ 
5 mg.; water to a total volume of 10 ml. After 70 minutes at 37.5°, in- 
cubation was stopped by inserting the tube in an ice bath and adding 1 
ml. of 1 to 2 per cent dialyzed egg albumin and 5 ml. of 21 per cent cold 
trichloroacetic acid. A protein-free filtrate, in which precipitation does 
not occur during the subsequent phosphate determinations, was obtained 
by refiltering two or three times through the same Whatman No. 50 filter 
} paper in the cold. This filtrate was then assayed for orthophosphate and 
hydrolyzable phosphorus. | 

The ATP phosphorus was calculated from the hydrolyzable phosphorus 
after incubation with snake venom by multiplication by 3/2. The ADP 
phosphorus was calculated from the difference in hydrolyzable phosphorus 
before and after incubation with snake venom by multiplication by 2. 
} The A-5’-P phosphorus was calculated by subtracting the ATP and ADP 
phosphorus from the total organic phosphorus in the original protein-free 
filtrate. The validity of the Hitchings method was confirmed by its per- 
formance with known mixtures of the three nucleotides and by good agree- 
ment with results obtained in simultaneous analyses of protein-free filtrates 
for ATP by the hexokinase-Zwischenferment system of Kornberg (23)° 
) and for A-5’-P by the deaminase method of Kalckar (24). 

Adenylate kinase activity was determined in two ways. In one, tissue 


* We are indebted to Dr. George H. Hitchings for sending us the details of this 
method. 

‘Obtained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 

‘We are indebted to Dr. Arthur Kornberg for generously supplying us with 
' Zwischenferment and TPN for these tests. 
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was incubated with ADP (37.5°, pH 7.4, 10-* m MgCl.) and then ATP, , 
ADP, and A-5’-P were determined in the protein-free incubation filtrate 
by the Hitchings method. In the other, the ATP formed from ADP by 
the tissue was determined spectrophotometrically by the method of Korn- 
berg (23). The incubation mixture contained ADP, pH 7.4, 1 mg.; 0.5. 
M glucose, 0.1 ml.; 0.25 m glycylglycine, pH 7.4, 0.5 ml.; TPN and 
Zwischenferment-hexokinase, in excess; tissue; and water to make a total 
volume of 3 ml. In the tissue range employed in the spectrophotometric 
analyses, the A-5’-P formed did not appreciably inhibit the reaction, 
since proportionality was obtained between tissue quantity and apparent 
enzyme activity. With the Hitchings method such proportionality was 
difficult to achieve, since 25 per cent or more of the ADP had to be con- | 
verted before a sizable difference in the orthophosphate readings before 
and after snake venom treatment could be obtained. 

Nitrogen content was determined by micro-Kjeldahl digestion followed 
by nesslerization (22), and pentose nucleic acid (PNA) and desoxypentose 
nucleic acid (DNA) were measured by the method of Schneider (25). 
The activities of several other phosphatases and of succinoxidase were 
determined on many of the same fractions and will be reported elsewhere. 


Results 


Intracellular Distribution of ATP-Dephosphorylating Activity—Table | 
shows the intracellular distribution of the over-all ATP-dephosphorylating 
activity. The average recovery in the fractions was 105 per cent in the 
presence of optimal concentration of magnesium. In the presence o! — 
optimal calcium, the first three experiments showed an average recovel. ~ 
of 101 per cent, but the five subsequent ones gave an average recovery of 
only 74 per cent. In these latter experiments with calcium, both the 
mitochondrial and nuclear fraction activities were considerably lower 
than in the earlier ones. We have therefore treated the data in two 
groups, designating the group with complete recovery as Ca (a) and that 
with incomplete recovery as Ca (b). With no added bivalent ions, the 
separation into two groups was less distinct and so all the data have been 
treated together. It should be noted, however, that in two of the seven 
experiments the recovery was only 75 per cent and in these the mitochon- 
drial fraction possessed about 40 per cent of the homogenate activity 
rather than 67 per cent as in the remaining experiments. Another in- 
stance of 40 per cent recovery in the mitochondrial fraction was en- 
countered in a subsequent experiment not included here. 

In order to ascertain the reason for the low recoveries in the Ca ()) 
experiments, the fractions were tested in isolation and in various combi- 
nations. Table II summarizes a typical experiment. It is evident that 
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there was no influence of one fraction upon another with either calcium 
or magnesium. We have as yet no explanation for the low recoveries.® 
With magnesium present in the medium, the mitochondrial fraction 
possessed the major share (64 per cent) of the total activity of the homo- 
genate; its specific activity was more than twice that of the homogenate. 
On the other hand, with calcium ions the mitochondrial fraction had a 
smaller percentage and the nuclear fraction a higher percentage of the 
total activity than with magnesium ions; the specific activity of the nuclear 
fraction was approximately equal to that of the mitochondrial fraction. 


II 
ATP-Dephosphorylating Activities of Various Combinations of Fractions 
Activity measured under ‘‘standard conditions’’ described in the text; MgCl, 
10-*m; CaCl, m. Activity expressed as micrograms of P liberated in 15 minutes 
at 37.5° by 100 mg. of fresh tissue or its equivalent. N,, nuclear fraction; M,, 
mitochondrial fraction; S., supernatant fluid remaining after sedimentation of 
mitochondrial fraction, together with washings of mitochondrial fraction. 


Individual fractions Percentof M um Per cent of 
and combinations Calcium chloride| or Magnesi calculated 


— 


* Per cont of homege nate. th 


In four experiments distilled water was used in place of sucrose. In 
three, full recovery was obtained with the calcium as well as with the 
magnesium fractions; in the fourth, the calcium recovery was only 75 per 
cent. The levels of activity were appreciably lower with water than wi 
sucrose when no bivalent ions were added (for homogenate, 575 y 
100 mg. of fresh tissue per 15 minutes). Otherwise there were no essenti 
differences between the water and sucrose data with regard to the leve 
of activity, specific activities, and percentage distribution among the We 
fractions. | 

* By experiment we have eliminated as the source of an inhibitor or other fact ws 


responsible for the phenomenon the particular samples of ATP, CaCl., and Amberli Al 
resin used in these experiments. 


Homogenate.......... 885 | 1720 | 
385 | | 1095 | He 
190 395 | 
Sum of fractions....... 710 | 80* 1680 | 98* i M 
Su 
600 | 104 1600 | 
| 310 | 95 490 84 
+ M,... 485 93 1250 97 | mi 
735 104 1750 104 gi 
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Stimulation by Magnesium and Calcium Ions—The degree of stimulation 
of ATP dephosphorylation by magnesium and calcium was strikingly 
different in the nuclear and mitochondrial fractions (Table III). When 
the Ca (a) data was used, the two ions were equally effective stimulators 
for the nuclear fraction, the ratio of activity with magnesium to that 
with calcium being close to unity. With the mitochondrial fraction, how- 
ever, magnesium stimulated but calcium did not; the magnesium to cal- 
cium ratio was greater than 2. The superiority of magnesium in stimula- 
ting ATP dephosphorylation by the total homogenate resulted primarily 
from its effect on the mitochondrial fraction, since the latter possessed 
the major share of the activity, and secondarily from its effects on the 
microsome fraction and supernatant fluid. The levels of activity in the 
supernatant fluid and microsome fraction were so low in the absence of 


TaB.e III 
Stimulation of ATP Dephosphorylation by Magnesium and Calcium Ions 
Calculations made from the means of the activities shown in Table I. 


Activity with ion Activity with Mg 
Ketivity without fon * * Activity with Ca 
Mg Ca (a) Ca (6) Ca (ae) Ca (b) 
129 129 1.7 1.7 
Nuclear fraction.......... <chaie | 230 237 130 1.0 1.8 
' Mitochondrial fraction........... / 240 104 82 2.3 2.9 
Microsome fraction....... 220 1.6 
Supernatant fluid................ «275 200 75 1.4 3.7 


magnesium ions that little significance should be attached to the ratios 
given for these fractions in Table III. 

Since the levels of activity with no added bivalent ions were lower in 
the water than in the sucrose experiments, the degree of stimulation by 
magnesium and calcium ions was greater. However, the general relation- 


ships were similar to those in the sucrose experiments. The magnesium 
to calcium ratios were 2.0 for the homogenate, 1.1 for the nuclear fraction, 


and 2.5 for the mitochondrial fraction. 

Calcium Addition to Magnesium-Stimulated System—Kielley and Meyer- 
hof (15) have reported that calcium ions strongly inhibited the magne- 
sium-activated ATPase of muscle when both calcium and magnesium 


were present in equal concentrations. No such effect was found in ATP 


dephosphorylation by liver homogenates, when each of the ions was used 
in two concentrations (8 X m and 1 X 

Effect of Sodium and Potassium Ions—In 1950 Utter (26) reported that 
ATP dephosphorylation by brain homogenates was stimulated by sodium 
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ions (3 X 10-* m or higher). It was therefore important to determine 
the effects of this ion on dephosphorylation by rat liver homogenate, 
since in the system routinely employed in our experiments all salts were 
in the sodium form. It was first established that the optimal concen- 
trations of magnesium and calcium ions were the same whether potassium 
salts or sodium salts were used exclusively. Then the effects of adding 
varying concentrations of sodium and potassium ions were tested in a 
system in which all other salts were potassium. Neither sodium nor 
potassium ions had any significant effect upon the levels of activity, at 
concentrations ranging from 3 10-* to 3 10-* M; at 7 X 10°? m both 
ions inhibited to the extent of about 30 per cent. 

Changes in Nucleotide Concentrations—By determining the concentra- 
tions of the three nucleotides, ATP, ADP, and A-5’-P, during the course 
of incubation, it was possible to learn more of the nature of ATP dephos- 
phorylation. In these studies two systems were employed. One was the 
“standard system” used in the experiments already described. In it the 
tissue enzymes were limiting and dephosphorylation occurred relatively 
slowly. The reaction rate leveled off before dephosphorylation was com- 
plete, the level at which it slowed being higher with magnesium ions than 
with calcium and higher with calcium than without any bivalent ions 
added. The other system employed was one in which the substrate was 
limiting and the tissue was present in large excess. Under these con- 
ditions dephosphorylation proceeded rapidly and all three phosphate resi- 
dues were split,? and magnesium and calcium ions had very little effect. 

In the substrate-limited system, the time required for complete dephos- 
phorylation was dependent upon the quantity of tissue used relative to 
the amount of ATP. In Fig. 1 are shown the rates of orthophosphate 
liberation (A), ATP disappearance (B), ADP appearance (C), and A-5’-P 
appearance (D) when substrate containing 624 y of organic phosphorus 
was incubated with 75 mg. of homogenate. At 3 minutes of incubation 
ADP and A-5’-P had already appeared. At 6 minutes the amount of 
orthophosphate liberated was larger than could be accounted for on the 


basis of the ADP and A-5’-P present, thus indicating the dephosphoryla- | 


tion of A-5’-P. At 60 minutes all of the nucleotides had been completely 
dephosphorylated, with one exception: an appreciable amount of ATP 
still remained when calcium ions were present. This suggested that cal- 
cium inhibited the liberation of the terminal phosphate of ATP, while it 
did not inhibit the disappearance of ADP or A-5’-P. In other experi- 
ments it was demonstrated that complete dephosphorylation of ADP and 


7Complete dephosphorylation also occurred at pH 9.1 and 4.5. The time re- 
quired, with optimal magnesium chloride, was approximately half at pH 9.1 as at 
pH 7.4; at pH 4.5 it was about 4 times as long as at pl 7.4 (cf. (27)). 
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A-5’-P occurred when they were incubated with homogenate in the pres- 
ence of calcium ions, magnesium ions, or without added bivalent ions. 

In the enzyme-limited system the rate of ATP dephosphorylation was 
enhanced greatly by magnesium ions and to a lesser extent by calcium. 


600 


% 400 
< 
Q 
= 200 
Q 
> ® 20 40 60 ® 20 40 60 
300 300+ 
100 
© 20 40 60 © 20 40 60 
minutes 


Fic. 1. ATP dephosphorylation in substrate-limited system. O, without added 
bivalent ions; @, 10-* wm CaCl,; and @, 10°? m MgCl... The homogenate used con- 
tained 75 mg. of fresh tissue; total volume 18.75 ml.; 2.4 X 10°? m sodium barbital, 
pH 7.4; 37.5°; 624 y of organic Pin ATP substrate. (A) orthophosphate phosphorus, 
(B) ATP phosphorus, (C) ADP phosphorus, and (D) A-5'-P phosphorus. In (A) 
the broken horizontal lines indicate one-third, two-thirds, and total organic phos- 
phorus content in the substrate. 


In addition, the ions influenced the levels at which dephosphorylation 
stopped. After 90 to 120 minutes of incubation, in most experiments 
dephosphorylation no longer occurred; about one-fourth of the initial 
organic phosphorus was liberated when no bivalent ions were present, 
about one-third in the presence of calcium ions, and about one-half with 
magnesium ions. In several cases, however, dephosphorylation continued 
for a longer period and reached a somewhat higher level, as in Fig. 2. 

It is of interest that at 15 minutes of incubation, the period used in 
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the standard assay system, when the rate of orthophosphate liberation 
was still a linear function of enzyme quantity, the concentration of ATP 
had already fallen, in the presence of magnesium, to approximately half 
its initial value (Fig. 2, B). 

The rate of A-5’-P appearance was much lower than that of ADP; 
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Fic. 2. ATP dephosphorylation in enzyme-limited system. O, without added 
bivalent ion; @, 10°? wm CaCl,; and @, 10°? m MgCl,. The homogenate used con- 
tained 13.5 mg. of fresh tissue; total volume 5.0 ml.; 2.4 X 10°? m sodium barbital, 
pH 7.4; 37.5°; 1320 y of organic P in ATP substrate. (A) orthophosphate phos- 
phorus, (B) ATP phosphorus, (C) ADP phosphorus, and (D) A-5'-P phorphorus. 
In (A) the broken horizontal lines indicate one-third and two-thirds of the total 
organic phosphorus content in the substrate. 


therefore the latter remained at high concentrations throughout the in- 
cubation period (Fig. 2, C and D). The point at which the dephos- 
phorylation of A-5’-P was demonstrable (by the higher level of liberated 
orthophosphate than could be accounted for from the ADP and A-5’-P 
formed) is much delayed in the enzyme-limited system compared with 
the substrate-limited system: 150 minutes with no bivalent ions added, 
100 minutes with calcium added, and 60 minutes with magnesium. 
Incubation of homogenate with ADP at an equimolar concentration 
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and under conditions identical to those in these ATP experiments demon- 
strated that both calcium and magnesium ions stimulated the rate of 
orthophosphate liberation (Fig. 3, A). However, magnesium was more 
effective than calcium in increasing the initial rate. Fig. 3, B shows the 
rate of orthophosphate liberation with an equimolar quantity of A-5’-P 
as substrate. Little, if any, effect of magnesium or calcium was evident.® 

Nucleotide changes were also followed with the isolated nuclear and 
mitochondrial fractions incubated in the enzyme-limited system. The 
results of one such experiment are presented in Table IV. 

It can be seen that in both the nuclear and mitochondrial fractions, 
as in the homogenate, appreciable amounts of ADP were formed. This 
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Fic. 3. Orthophosphate liberation from ADP (A) and A-5’-P (B) by homogenate. 
Initial ADP and A-5'-P equimolar with ATP used in Fig. 2. O, without added 
bivalent ions; @, 10-? m CaCl,; and @, 10°? m MgCl... The homogenate used con- 
tained 6.75 mg. of fresh tissue; total volume 2.5 ml.; 2.4 X 10°? m sodium barbital, 
pH 7.4; 37.5°. 


indicates the presence in both fractions of either an ATPase or an apyrase 
which cleaved the second phosphate residue much more slowly than the 
terminal one. At least for the mitochondrial fraction, the first alternative 
appears more likely because of the differential effects upon the disappear- 
ance of ATP and ADP which were observed: (1) when the mitochondrial 
fraction was incubated with ATP (Table IV), calcium stimulated the 
disappearance of ADP but not of ATP; (2) in the substrate-limited sys- 
tem (Fig. 1), calcium inhibited the disappearance of ATP but not of ADP; 
and (3) the disappearance of ATP but not of ADP was inhibited by 10 
M sodium azide (see below). Accordingly, the enzyme acting upon the 
ATP would be a phosphatase, ATPase, while that acting upon the ADP 
might be either a phosphatase (ADPase) or a kinase (adenlyate kinase). 

* Previous studies (1) have shown that for optimal A-5'-P dephosphorylation 


by rat liver homogenate a much higher level of magnesium than was used in 
these experiments is required, 3 X 10°? m. 
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On the assumption that ADP disappears only through adenylate kinase 
action, calculation of the magnesium data in Table IV would indicate that 
at 100 minutes 12.02 um of ATP were dephosphorylated by the mito- 
chondrial fraction and 3.88 um by the nuclear fraction. Similarly cal- 
culated, ATP dephosphorylation by the initial homogenate was 17.11. 
The percentage of the latter activity in the mitochondrial fraction is, 
therefore, 69 per cent and that in the nuclear fraction 23 per cent. This 
is in close agreement with the percentage distribution of ATPase activity 
based on orthophosphate liberation: 68 and 21 per cent. 

Such calculation constitutes strong evidence that, under the conditions 
employed, orthophosphate was liberated only by the cleavage of the termi- 
nal ATP phosphate by ATPase and ADP disappeared through the action 


TaBLeE V 
Inhibition of Mitochondrial AT Pase 
Dephosphorylaticn of ATP by mitochondria in the presence of inhibitors was 
| measured in the presence of 10-* m MgCl, and 10-* m CaCl, in the “standard” en- 
zyme-limited system as described in the text. Activities expressed in micrograms 
of P liberated in 15 minutes by mitochondrial fraction from 100 mg. of fresh tissue. 
The figures are averages of two experiments which agreed closely. 


Chloromercuribenzoate, 5 X 1074 
Sodium fluoride, 10-*m........... 835 290 2.9 


of adenylate kinase rather than a phosphatase. Similar evidence was 
derived from other calculations made with the nucleotide data and with 
unreported data on the nucleotide changes which occurred when ADP 
was incubated with homogenate, nuclear fraction, and mitochondrial frac- 
tion. 
Inhibition of Mitochondrial ATPase—The mitochondrial ATPase was 
inhibited by chloromercuribenzoate, sodium fluoride, and sodium azide. 
Sodium cyanide (up to 8 X 10-* m) was without appreciable effect. Glu- 
tathione (3.3 < 10-* M), itself without effect upon the ATPase, when 
added with the chloromercuribenzoate, completely nullified the effect of 
the latter. Of the three inhibitors only azide inhibited to a greater ex- 
tent when magnesium was present than with calcium. Thus it lowered 
the ratio of activity with magnesium to activity with calcium from about 
3 to less than 1.5 (Table V). 

Adenylate Kinase Activity—It was found that sodium azide, even at 
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10~* m concentration, had little, if any, effect on the adenylate kinase 
activity. This provided a convenient tool for demonstrating the forma- 
tion of equimolar quantities of ATP and A-5’-P following incubation of 
ADP with homogenate or mitochondrial fraction. Without azide, the 
ratio of ATP to A-5’-P in the incubation medium was always less than 
unity, owing to the dephosphorylation by ATPase of the newly formed 
ATP. Heating the homogenate or mitochondrial fraction for 1 minute 
at 90°, either in 0.05 n HCl or in neutral media, completely eliminated 
the ATPase activity. However, unlike rabbit liver, as reported by 
Kotelnikova (28), some 95 per cent of the original adenylate kinase ac- 
tivity was also lost. Even milder heating (50° for 3 minutes) was found 
to inactivate rat liver adenylate kinase markedly. In the case of the 
isolated supernatant fluid, which contains very little ATPase activity, it 
was possible to show an ATP to A-5’-P ratio of close to unity, even when 
used unheated and without azide. To do so with the mitochondrial frac- 
tion and homogenate at the original levels of enzyme activity required 
azide. 

When ATP:A-5’-P ratios were desired, the Hitchings method was used. 
For determining the activities of isolated intracellular fractions, the spec- 
trophotometric method described above was employed. Five fractiona- 
tions were performed, four in 0.88 mM sucrose and one in 0.25 Mm sucrose, 
with the following average distribution: homogenate activity (4.87 mg. of 
ATP formed per 10 mg. of fresh tissue per 15 minutes) taken as 100 per 
cent, nuclear fraction 4.5 per cent, mitochondrial fraction 29.4 per cent, 
microsome fraction 1.2 per cent, supernatant fluid 30.8 per cent. Re- 
combination of isolated fractions failed to reveal the reason for the average 
recovery of only 66 per cent (range 61 to 69 per cent). 

Adenylate kinase activity of the supernatant fluid was stimulated by 
calcium and magnesium ions, the optimal concentration in both cases 
being 10-? m. However, the extent of stimulation by magnesium was 
far greater than by calcium, increasing the activity approximately 6-fold. 

It should be noted that, under the conditions employed, the level of 
adenylate kinase activity was much higher than that of ATPase. In the 
presence of 10-* m MgCl, the homogenate ATPase produced 1.03 um 
of ADP per mg. of N per minute; its adenylate kinase converted 3.90 
um of ADP per mg. of N per minute. The corresponding figures for the 
mitochondrial fraction were 2.43 and 4.01 uM. 


DISCUSSION 


The data we have presented indicate that in the isolated mitochondria 
of rat liver there is a magnesium-activated ATPase. Absolute demon- 


* Supernatant fluid was used in these experiments. Sodium fluoride (10~? m) 
produced an inhibition of about 20 per cent. 
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stration that it is not an apyrase can come only from its isolation in puri- 
fied form. 

As shown in Fig. 4, there are many enzyme-catalyzed reactions partici- 
pated in by ATP and its derivatives. Yet it would appear that under 
conditions similar to those of DuBois and Potter (short period of incuba- 
tion in an enzyme-limited system at pH 7.4) in the presence of magnesium, 
the rate of orthophosphate liberation for rat liver homogenate and its 
mitochondrial fraction is chiefly a measure of ATPase activity. The 
high level of adenylate kinase activity makes it likely that any ADP 


A-kinase 


Fic. 4. Enzyme-catalyzed reactions participated in by ATP and its derivatives. 
A-P ~ P ~ P, adenosinetriphosphate; A-P ~ P, adenosinediphosphate; A-P, ad- 
enosine-5'-monophosphate; A, adenosine; P, orthophosphate; P ~ P, inorganic py- 
rophosphate. 


formed by ATPase action would quickly be converted to A-5’-P and ATP, 
the latter to be acted upon by ATPase. During short periods of incuba- 
tion in an enzyme-limited system, at a magnesium concentration optimal 
for ATP dephosphorylation, very little A-5’-P dephosphorylation occurs 
(Fig. 2). Alkaline phosphatase, although it splits ATP even at neutral 
pH, is of little quantitative significance since it occurs in very small quan- 
tities in normal rat liver and it requires a higher magnesium concentration 
for optimal stimulation (1, 27). These considerations are even more true 
for the isolated mitochondrial fraction, since it contains but a small part 
of the A-5’-P-dephosphorylating and alkaline phosphatase activities of 
the homogenate (1). If a specific pyrophosphatase such as that de- 
scribed for bone and the venoms of some snakes (21, 29) is present in liver, 
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it is apparently of little quantitative significance under our conditions of 
incubation. Otherwise we would find the accumulation of larger amounts 
of A-5’-P. The same consideration holds for the enzyme described by 
Kornberg (23) which splits inorganic pyrophosphate from ATP; in our 
system no nicotinamide mononucleotide or similar reactant has been 
added. Since so little A-5’-P is dephosphorylated, the adenosine kinase 
recently described by Caputto (30) would also be of little significance in 
our system. It should be emphasized, however, that in tissues other 
than rat liver the levels of activity of these enzymes may be different 
enough to invalidate completely orthophosphate liberation as a measure 
of ATPase activity. 

In the enhancement of its activity by magnesium but not by calcium 
ions the mitochondrial ATPase resembles the soluble enzyme of muscle 
(15) and the ATPase of snake venoms (31) (cf. Steinbach (32) and Meister 
(33)). It is unlike the muscle enzyme, however, in that calcium has no 
marked inhibitory effect when added together with magnesium. The 
muscle enzyme preparation used by Kielley and Meyerhof (15) consisted 
of lipoprotein particulate matter of the size of microsomes. It may there- 
fore be of interest to record that the magnesium and calcium effects on 
the mitochondrial enzyme remained unaltered when the mitochondrial 
fraction, suspended in distilled water, was reduced to particulate matter 
of microsome size by treatment in the Waring blendor (8 minutes, inter- 
rupted at intervals, to keep the temperature from rising). All the ATPase 
activity remained with the particulate matter.’ 

It may be that the stimulatory effect of calcium on ATP dephosphoryla- 
tion by the nuclear fraction is related to its different localization (different 
ionic environment (34), etc.). On the other hand, it is possible that the 
nuclei possess an entirely different enzyme (or enzymes) from the mito- 
chondrial ATPase. This, too, is a question which the isolation of the 
enzymes can answer." 


SUMMARY 
1. ATP dephosphorylation, by homogenate and isolated intracellular 
fractions of rat liver in the presence of calcium and magnesium ions, was 
studied by following the quantity of orthophosphate liberated and the 
10 The same was true of whatever succinoxidase activity survived the treatment. 


* On the other hand, a large part of the acid phosphatase and adenylate kinase activi- 
ties was made soluble (unsedimentable at 144,000 « g for 69 minutes). 


1! Stern et al. (35) have found that the ATPase activity of thymus desoxyribosenu- | 


cleoprotein is also stimulated by both calcium and magnesium. Epelbaum et al. 
(36) have reported that in rabbit brain the ATPase extracted by water is stimu- 
lated by magnesium but not by calcium, whereas the water-insoluble ATPase is 
stimulated by both calcium and magnesium. 
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Sof ) changes in concentrations of ATP, ADP, and A-5’-P. Evidence is pre- 
unts | sented that, for homogenate and mitochondrial fraction, orthophosphate 
liberation under the conditions used is a measure of ATPase activity. 
— 2. The mitochondrial fraction contains an ATPase stimulated by mag- 
— nesium but not by calcium ions. It is inhibited by azide, fluoride, and 
chloromercuribenzoate. 
_— 3. ATP dephosphorylation by the nuclear fraction is stimulated by 
both magnesium and calcium ions. 

4. In many instances in which calcium ions or no bivalent ions were 
sure | added to the incubation medium the recovery of the homogenate activity 
in the isolated fractions was only about 75 per cent. With magnesium 


_s ions the recovery was always near 100 per cent. 
we 5. ATP dephosphorylation by the homogenate was not appreciably 


affected either by sodium and potassium ions, up to a concentration of 
3 no | 63 xX 107 M, or by the addition of equimolar quantities of calcium ions to 
the magnesium-stimulated system. 

sted 6. Conditions are described in which complete dephosphorylation of 
ere- | ATP at pH 7.4 occurs. This appears to involve chiefly the action of 
5 on | ATPase, adenylate kinase, and 5’-nucleotidase. 

7. High adenylate kinase activity is present in the mitochondrial frac- 
iter | tion and in the supernatant fluid calculated to be free of particles larger 


ater- than 41 my in diameter. 
Pase 
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THE ENZYMATIC CONVERSION OF HISTIDINE TO 
GLUTAMIC ACID 


By HERBERT TABOR ano OSAMU HAYAISHI* 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, August 18, 1951) 


Certain discrepancies exist in the reported evidence concerning the 
mechanism of the enzymatic degradation of histidine. Edlbacher and 
his collaborators (1, 2) showed that liver preparations converted L-histidine 
to ammonia and an unidentified labile intermediate from which L-glutamic 
and formic acids could be obtained by acid hydrolysis. Sera and Yada (3) 
and Takeuchi (4), on the other hand, demonstrated that histidine was 
converted to urocanic acid, which was then degraded to optically inactive 
isoglutamine. An intermediate product of this reaction, “proisogluta- 
mine,”’ isolated by Sera and Aihara (5), was levorotatory, while Oyamada 
(6) obtained a product which he identified as racemic formylisoglutamine. 
Oyamada could not demonstrate an enzymatic hydrolysis of formyl-p1- 
isoglutamine, although he could convert it oxidatively to CO, and optically 
inactive isoglutamine with a mixture of defibrinated blood and liver ho- 
mogenate. 

Although glutamic and formic acids could be obtained by the acid hy- 
drolysis of the reaction products of histidine metabolism, no experimental 
evidence has been presented for the direct enzymatic production of L- 
glutamic' and formic acids (2,7). In fact, recent papers have questioned 
the formation of t-glutamic acid from histidine in mammalian systems 
both in vitro and in vivo (7-9). 

In this paper we shall describe the preparation of a cell-free extract 
from Pseudomonas fluorescens which catalyzes the quantitative conversion 
of t-histidine to t-glutamie acid, formic acid, and 2 moles of ammonia. 
t-Glutamic acid hydrochloride has been isolated in crystalline form from 
the incubation mixture. 

* Special Research Fellow. 

‘Miyahara and Suda (personal communication) of Osaka University have re- 
cently shown that glutamic acid is formed from either histidine or urocanic acid 
by resting cell suspensions or acetone-dried cells of histidine-adapted Pseudomonas. 
Glutamic acid was measured by glutamic decarboxylase of Escherichia coli. Nei- 
ther formyl-pL-isoglutamine nor pt-isoglutamine was decomposed by their Pseudo- 
monas preparations. 
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Methods and Materials 


Histidine was determined by a modified Pauly diazotization reaction, 
as previously described ; n-butanol was used to extract the final color (10, 
11). Ammonia was distilled from the incubation mixture (made alkaline 
with 0.5 volume of saturated potassium carbonate) into 0.1 N sulfuric acid 
by a stream of air for 40 minutes at 28°. Tributyl citrate (Commercial 
Solvents Corporation) was used as an antifoaming agent. The ammonia 
was then determined in the distillate by nesslerization. L-Glutamic acid 
was determined in the crude incubation mixture by the CO, evolved upon 
treatment with a resting cell suspension of Clostridium welchii, strain SR 
122 in the presence of cetyl trimethylammonium bromide (12, 13), as meas- 
ured in conventional Warburg manometers. Glutamic acid was crystal- 
lized and identified as described below. Formic acid was determined by 
the ceric sulfate-palladium method of Pickett, Ley, and Zygmuntowicz 
(14). The formic acid was sublimed from the frozen incubation mixture 
in vacuo (15) after acidification (to Congo red) with phosphoric acid. 
Paper chromatography of amino acids was performed by an ascending 
method, the spots being located by reaction with ninhydrin. C, H, and 
_ N analyses were performed by the Microanalytical Laboratory of the Na- 
tional Institutes of Health, under the direction of Dr. William C. Alford. 

L-Histidine Monohydrochloride, u-Glutamic Acid Hydrochloride, and 
Glutamine were commercial preparations (Eastman Kodak Company and 
Nutritional Biochemicals Corporation). 

Dowezx-50, a cation exchange resin, was obtained from The Dow Chemi- 
cal Company and washed repeatedly with 4 N HCl and then with water. 
Chromatography columns (height 12.5 cm.; diameter 1 cm.) were prepared 
from 200 to 500 mesh material. 

Preparation of Cell-Free Extract—P. fluorescens, strain 6, was grown on 
a medium consisting of 0.15 per cent K,HPO,, 0.05 per cent KH»PO,, 
0.02 per cent MgSO,, 0.2 per cent t-histidine monohydrochloride, and 0.1 
per cent Bacto yeast extract in distilled water. After being shaken me- 
chanically in air for 16 hours at 28°, the cells were harvested in a Sharples 
centrifuge, washed with a 0.5 per cent NaCl-0.5 per cent KCI mixture, and 
stored at —10°. 0.8 gm. of wet cells was obtained per liter of culture. 

To prepare the cell-free extract, 5 gm. of frozen cells were ground with 
10 gm. of alumina (Alcoa A-301) in a chilled mortar for 5 minutes, ex- 
tracted with 25 cc. of a 0.01 m phosphate buffer, pH 7.0, and centrifuged 
at 18,000 r.p.m. in the high speed angle head of the International refriger- 
ated centrifuge at 0° for 10 minutes. The residue was extracted with 
20 cc. of the same buffer, centrifuged, and the clear supernatant fluids 


* Kindly supplied by Dr. Alton Meister. 
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were combined. 0.1 ce. of this extract (2 mg. of protein) in a volume of 
1 cc. at 28° at pH 7.4 catalyzed the destruction of 3 um of histidine in 40 
minutes. 
Results 
600 um of L-histidine monohydrochloride (neutralized with sodium hy- 
droxide) were incubated with 39 cc. of cell-free extract and 161 cc. of water 


Taste | 
Assays of Histidine Incubation Mizture after 110 Minutes at 28° 
Assay Experimental Control* 
1 


Histidine 
0: 
CO; production 


* 


* Incubation mixture identical with the experimental mixture, except for the 
omission of histidine. 

t Under conditions of the ammonia assay, essentially no ammonia (<0.5 per 
cent) is released from glutamine. 

t Similar results were obtained by the colorimetric method of Grant (15). 

§ The C. welchii preparation decarboxylates L-glutamic acid and L-glutamine, 
but does not attack the p isomers or isoglutamine (12, 13). Further evidence for 
the presence of L-glutamic acid in the reaction mixture was indicated by the reduc- 
tion of diphosphopyridine nucleotide upon addition of the crystalline glutamic 
dehydrogenase of Olson and Anfinsen. We wish to thank Dr. Olson and Dr. Anfinsen 
for supplying us with this enzyme, which is to be described in a forthcoming publi- 
cation. 

| Measured in conventional Warburg apparatus on aliquots of similar incubation 
mixtures. 

4 No histidine disappeared in a similar reaction mixture if the bacterial extract 
had been previously heated to 100° for 5 minutes. 


at 28° for 110 minutes. At this time, 20 cc. of the incubation mixture 
were removed for analysis and for paper chromatography. As indicated 
in Tables I and II, all of the added histidine had disappeared with the 
formation of 462 um of formic acid, 576 um of L-glutamic acid, and 1160 
uM of ammonia. 

To isolate glutamic acid, 180 cc. of the solution (representing 540 um 
of histidine) were treated with 27 cc. of 36 per cent trichloroacetic acid 
and filtered. The precipitate was washed with 20 cc. of 5 per cent tri- 
chloroacetic acid. ‘The combined filtrates were extracted three times with 
equal volumes of ether, and the aqueous solution was passed through a 
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Dowex-50 column. The column was washed with water and eluted with 
1 xn HCl. The fractions containing the amino acid (as determined by a 
ninhydrin spot test on paper) were evaporated to dryness in vacuo over 
KOH and H.SO,. The residue was dissolved in 1 cc. of water, treated 
with 2 cc. of 0.5 m calcium chloride, and then NaOH was added until the 
reaction was alkaline to phenol red. 10 volumes of absolute ethanol were 
added, the solution stored at 0° overnight, and the precipitate collected 
by centrifugation. The precipitate was dissolved in water, adsorbed on 
a fresh Dowex-50 column, washed with water, and eluted with 1 x HCI. 
The fractions giving a ninhydrin reaction were evaporated to dryness in 
vacuo over KOH. 


TaB_e II 
Paper Chromatography 
Solvent No. Compound | Rr* 
per cent 

I Ethanol 77 Incubation mixture 0.46 
Water 23 Authentic glutamic acid 0.43 
| glutamine 0.37 
Il Tertiary butanol 70 | Incubation mixture 0.57 
Formic acid 15 Authentic glutamic acid 0.56 
Water 15 ” glutamine 0.39 
Ill Lutidine 55 Incubation mixture 0.34 
Ethanol 20 Authentic glutamic acid 0.38 

Water 24 
Diethylamine 1 glutamine 0.45 


* 16 hours at 26-28°. 
Filter paper, Schleicher and Schill No. 598. 


The white crystalline residue weighed 75 mg. (equivalent to 409 um or 
74 per cent of theory). 

Melting Point (Corrected)—204-210° with decomposition. Authentic 
glutamic acid hydrochloride melted at 209-216° with decomposition ; mixed 
melting point, 208-214° with decomposition. 

Optical Rotation—{a]® = +31.9° (0.1 m solution in 5 N HCl) ((16) 
[a]? = +31.9°). 

Analysis—C,H,O,N-HCl. Calculated. C 32.71, H 5.49, N 7.63 

Found. ** 32.92, ** 5.32, ** 7.45 


SUMMARY 
A cell-free extract of Pseudomonas fluorescens, grown on a histidine- 
containing medium, has been shown to catalyze the reaction, L-histidine 
+ 4H,0 — .L-glutamic acid + HCOOH + 2NH;. 
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ON THE MECHANISM OF FATTY ACID SYNTHESIS IN VIVO* 


By H. 8S. ANKER 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, May 28, 1951) 


Acetic acid or a closely related 2-carbon unit is the most likely imme- 
diate precursor for fatty acids in the animal organism (1). This C; unit 
can arise either directly as a product of the breakdown of the fatty acids 
themselves (2) and of a number of amino acids (3), or indirectly from 
carbohydrate by way of pyruvic acid (4). A mechanism by which such 
C, units combine to form the carbon skeleton of a fatty acid was suggested 
by experiments with Clostridium kluyveri (5). These organisms synthe- 
sized caproic acid by condensation of the carboxyl carbon atom of butyric 
acid with the methyl carbon of ethanol. Similarly in fasting rats the 
conversion of palmitic to stearic acid was shown to proceed in such a 
manner that the carboxyl carbon of acetic acid appeared as the carboxyl 
esibon of stearic acid (6). 

The experiments reported here demonstrate that after feeding of 1-C™- 
myristic acid to well nourished rats the palmitic acid isolated from the 
carcasses was synthesized by addition of 2 carbon atoms to the carboxyl 
carbon of the administered myristic acid. 


EXPERIMENTAL 


Synthesis of 1-C-Myristic Acid-Tridecyl bromide (2 mm) was refluxed 
with C-potassium cyanide (1 mM) in 25 ml. of absolute ethanol for sev- 
eral days. The reaction mixture was added to 80 ml. of a 20 per cent 
potassium hydroxide solution and refluxed for 3 days. After extraction 
with ether, the aqueous phase was acidified and extracted with petroleum 
ether. The residue of the petroleum ether extract had a melting point 
of 52.0-53.5° which was unchanged by the admixture of myristic acid. 
The yield was 200 mg. (87 per cent of theory), and the radioactivity 
296,000 c.p.m. (counted as an infinitely thick layer of barium carbonate 
3.5 sq. cm. in area). 

Feeding Experiment—Two rats, weighing about 200 gm. each, were 
maintained on a fat-free diet (4). During a 3 day period, 35 mg. per 
day of the labeled myristic acid were mixed with the diet. 3 days after 
the myristic acid had been eaten the rats were killed, their carcasses com- 
bined and hydrolyzed with ethanolic potassium hydroxide, and the fatty 
acids obtained from the hydrolysate. .During the experimental period 


* Aided by a grant from the United States Public Health Service. 
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p-aminobenzoic acid at a level of 0.5 mg. per gm. of rat weight per day 
was also added to the diet. The acetyl derivatives were isolated from 
the urine in two fractions, the first during the feeding of myristic acid, 
the second during the following 3 days. The isotope concentrations of 
the isolated fractions are given in Table I. 

Isolation of Fatty Acids—The carcass fatty acids were separated into 
a saturated and an unsaturated fraction by the lead salt procedure (7). 
Labeled saturated acids were “washed out” from the unsaturated fraction 
with saturated fatty acids isolated from ordinary rats and with normal 
myristic acid. This process was repeated several times until the isotope 
concentration of the insoluble soaps became negligible. The labeled sat- 
urated lead soaps were recrystallized several times from ethanol, decom- 
posed with acetic acid to the free acids, and esterified with diazomethane. 

The esters were distilled (8) in a Podbielniak column as follows: To 


Taste I 
Isotope Concentrations of Isolated Fractions 


Acetyl group of Acetyl-p-aminobenzoic Acid I........... 3800 
Carcass saturated acids............... 1250 


* As an infinitely thick layer of barium carbonate 3.5 sq. em. in area. 


the mixture of esters (1.44 gm.) were added 3 ml. of normal methyl stearate 
and 1 ml. of normal methyl myristate. After the myristate had distilled, 
another 1 ml. of ordinary methyl myristate was added to the mixture and 
again removed by distillation. Addition of normal methyl myristate and 
distillation were repeated once more. The isotope concentration of the 
last batch was less than 0.1 per cent of that of the first. This procedure 
insured that the methyl palmitate obtained on further distillation was un- 
contaminated by traces of labeled myristic acid. The methyl palmitate 
was then distilled, and 1 ml. of normal methyl palmitate was added to the 
distillation flask and removed by distillation in turn. The two batches 
of methyl] palmitate were combined and added to 3 ml. of normal methyl 
stearate and redistilled. The melting point of the final distillate was 
28-29°. Free palmitic acid was obtained by hydrolysis with alkali. 

The unsaturated acids were hydrogenated with Adams’ catalyst and 
hydrogen at atmospheric pressure and room temperature until, upon addi- 
tion of fresh catalyst, no more hydrogen was taken up. After esterification 
the esters were distilled in a manner similar to that used for the saturated 
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| fraction. Stearic acid, derived from the original Cys unsaturated acids, 


was obtained from the distillate. A fraction of myristic acid, derived 
from Cy, unsaturated acids originally present, was also obtained. 

Degradation of Fatty Acids—The procedure used involved decarboxyla- 
tion of the silver salt with bromine to the next lower alkyl bromide, 
hydrolysis of the bromide to the alcohol, and oxidation of the alcohol to 
the corresponding acid. 

Pentadecyl Bromide—1.8 gm. of palmitic acid were converted to the sil- 
ver salt by dissolving it in methanol, adding an excess of concentrated 
silver nitrate solution, and neutralizing with concentrated ammonia. The 
silver salt was centrifuged, washed, and dried at 110° (yield 2.4 gm.). It 


. | was suspended in 50 ml. of carbon tetrachloride which was refluxed under 


dry nitrogen. An excess of bromine (0.45 ml.) was added rapidly and 
the liberated carbon dioxide trapped by barium hydroxide. After 10 
minutes, the reaction mixture was filtered, the precipitate washed with 
ether, and the solvents evaporated. The residue, dissolved in petroleum 
ether, was passed through a column of alumina. The residue of the pe- 
troleum ether eluate weighed 1.8 gm., m.p. 18.0—18.4°. 

| Pentadecanol—The pentadecyl bromide was refluxed for 3 hours with 
an excess of silver acetate suspended in 30 ml. of glacial acetic acid and 1 
ml. of acetic anhydride. Water was then added, and the solution ex- 
tracted with petroleum ether. The residue of the petroleum ether extract 
was hydrolyzed with methanolic potassium hydroxide. After extraction 
with petroleum ether the product (1.4 gm.) was adsorbed on a column of 
alumina and fractionally eluted with petroleum ether-benzene, 3:1. The 
| middle eluates were combined and the solvents evaporated. The residue 
amounted to 1.34 gm., m.p. 42-43°. 

Pentadecanoic Acid—The pentadecanol was dissolved in 8 ml. of glacial 
acetic acid, 1 gm. of chromium trioxide in 3 ml. of 66 per cent acetic acid 
was added, and the mixture heated on a steam bath for 12 minutes.' The 
reaction product amounted to 1.05 gm., m.p. 49.5-50.0°. The over-all 
_ yield from palmitic to pentadecanoic acid was 62 per cent. The degra- 
dation procedure was repeated until tridecyl bromide was obtained. 

The methyl end-carbon atoms were obtained as acetic acid by oxidation 
with a chromic-sulfuric acid mixture (9). Tridecyl bromide was added 
to a mixture of 10 gm. of chromium trioxide, 80 ml. of water, and 40 ml. 
of concentrated sulfuric acid, and refluxed under a stream of nitrogen for 
| about 6 hours. The carbon dioxide liberated was recovered as barium 
carbonate. The volatile acid was distilled from the reaction mixture and 
isolated as the silver salt. 


1 Stadtman, E. R., private communication. 
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Mpyristic and stearic acids were obtained from the unsaturated fraction 
and likewise decarboxylated. 

The melting points of all the compounds isolated agreed closely with 
the accepted values. 

Isotype Analyses—Carbon dioxide obtained from the various compounds 
by combustion was recovered as barium carbonate. The barium carbo- 
nate was counted as previously described (4). The isotope concentra- 
tions are given in Table IT. 


TasB_e II 
Isotope Distribution in Degradation Products 


activity, Total activityt 


c.p.m.* 
Saturated fraction 
oe 165 2620 
CO; by decarboxylation of palmitic acid (C,)......... 255 255 
CO; by decarboxylation of pentadecanoic acid (C2)... . 38 38 
os tetradecanoic (C;)... | 1410 1410 
Tridecyl bromide (Cy-Cig) . 50 650 
26 53 
CO, by decarboxylation of silver acetate (C,,)........ 39 39 
Unsaturated fraction (after hydrogenation) 
CO; by decarboxylation of myristic acid.............. 2800 2800 
CO; by decarboxylation of stearic acid................ 61 61 
* As an infinitely thick layer of barium carbonate 3.5 sq. cm. in area. Probable 


error +5 per cent. 
t Specific activity X the number of carbon atoms. 


RESULTS AND DISCUSSION 


The decarboxylation of myristic acid obtained from the unsaturated 
fraction by hydrogenation and fractional distillation indicated the limi- 
tations of the degradation procedure. The isotope concentration of the 
recovered tridecyl bromide showed that contamination by myristic acid 
is negligible. The isotope concentration of the carbon dioxide is about 
8 per cent too low. This discrepancy may be due to the counting error, 
which is approximately 5 per cent, but contamination by unlabeled car- 
bon dioxide cannot be excluded. 

The isotope content of the different carbon atoms of the isolated pal- 
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mitic acid (Table II) was calculated as follows: 


05 15 2 H-59 1.4 10-14.5 


These values are expressed as per cent of the total activity of the palmitic 
acid. The average isotope concentration of carbon atoms 4 to 14 is about 
4 per cent per 2 carbon atoms. 

This distribution of isotope indicates that the fed myristic acid was 
utilized for the synthesis of palmitic acid and that, in particular, carbon 
atoms 3 to 16 were derived from it. Carbon atoms | and 2 represent a 
carboxyl-labeled C; unit, which arose from labeled acetic acid, which in 
turn had originated by breakdown of part of the material fed. Similarly, 
the isotope content of carbon atoms 4 to 16 is undoubtedly due to the 
fact that a portion of the isolated palmitic acid had been synthesized in 
toto from the labeled C; units. Since isotope from this source was incor- 
porated into carbon atom 15 only by total synthesis, while it entered into 
carbon atom 1 also through chain elongation, C,; would be expected to 
have a higher isotope concentration than Cy. This is in agreement with 
the results obtained. The ratio of the isotope concentrations of carbon 
atoms 1, 2, and 4 to 16 to that of the acetyl group of the isolated acetyl 
p-aminobenzoic acid is in agreement with previous results (10) obtained 
with labeled acetic acid. It cannot be decided at the present time whether 
the isotope found in the even numbered carbon atoms is of metabolic origin 
or is an artifact produced in the course of the chemical degradation. 

The finding that a highly labeled acid was present in the Cy, unsatu- 
rated fraction indicates the occurrence of desaturation of myristic to my- 
ristoleic acid. The presence of small quantities of this compound have 
been observed in animal tissue (11). Similar desaturations of palmitic 
and stearic acids to the corresponding unsaturated acids were previously 
noted (7, 12). 

In order to determine whether any difference could be observed in the 
mechanism of synthesis of the saturated and unsaturated acids, the Cy 
unsaturated acids were isolated after hydrogenation and decarboxylated. 
The carboxyl group contained only 7 to 10 per cent of the total isotope 
present in this fraction. It seems reasonable to conclude from this re- 
sult that the isotope distribution was similar to that of palmitic acid and 
that the terminal 14 carbon atoms were derived directly from the fed 
myristic acid. It is most likely that the utilization of the 14 carbon atoms 
of myristic acid for carbon atoms 5 to 18 of oleic acid proceeds by way of 
palmitic and stearic acids, since this pathway does not involve the shift 
of double bonds. 

The results reported here confirm the view that the mechanism of fatty 
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acid synthesis in the intact animal involves the successive addition of C, 
units by coupling of the methyl carbon of the C, unit to the carboxyl car- 
bon of an acid with more than 2 carbon atoms. 


SUMMARY 


1. 1-C"“-Myristic acid was fed to rats. Palmitic acid was separated 
from the saturated carcass fatty acids, and the Cy, and Cg acids were 
isolated from the unsaturated carcass fatty acid fraction. The isolated 
acids were partially degraded. 

2. The isotope concentration of the individual carbon atoms of the iso- 
lated fatty acid indicates that the fed myristic acid is used to a considerable 
extent for the synthesis of acids with more than 14 carbon atoms and that 
the terminal 14 carbon atoms are derived from it. The carbon atoms of 
the carboxyl end of the chain are derived from C, units. 

3. It is concluded that the mechanism of fatty acid synthesis involves 
condensation of the methyl carbon of a C; unit with the carboxyl carbon 
of a long chain fatty acid. 


The author is indebted to James Hayashi for technical assistance in this 
work. 
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BILIARY EXCRETION OF SELENIUM IN THE DOG AFTER 
ADMINISTRATION OF SODIUM SELENATE CONTAINING 
RADIOSELENIUM 


By KENNETH P. McCONNELL anno RICHARD G. MARTIN 


(From the Departments of Biochemistry and Nutrition and of Surgery, The University 
of Texas, Medical Branch, Galveston, Texas) 


(Received for publication, August 18, 1951) 


Selenium is known to be present in the bile of selenium-treated animals. 
Smith ef al. (1) reported that rabbit bile, after acute and subacute poison- 
ing with sodium selenite and selenate (0.5 to 3 mg. of selenium per kilo), 
contained smaller amounts of selenium (36 to 48 y per cent) after oral 
treatment than after intravenous treatment (336 y per cent). In studies 
by Dudley (2), it was found, after administration of sodium selenate or 
organoselenium from selenium-bearing plants, that bile of hog, sheep, and 
calf contained 1 to 6 parts per million of selenium. In a later report, 
Smith ef al. (3) found relatively little selenium in the bile of rabbit and 
eat after a single subtoxic, intravenous injection of sodium selenate. 

In continuation of an interest in the distribution and excretion of selen- 
ium, it was the plan of experiments presented here (a) to study the rate 
of excretion via bile in the dog after a single subtoxic, intraperitoneal in- 
jection of sodium selenate containing radioselenium, and (b) to investigate 
the form in which selenium was present in the bile. It was observed, 
after injection of sodium selenate containing trace amounts of radio- 
selenium, that selenium rapidly appeared in the bile, and that a portion 
of the biliary selenium was fixed in the bile pigments. 


Procedure 


Preparation of Bile Fistula Dog—A large male dog weighing approxi- 
mately 45 pounds was selected, and under ether anesthesia an upper mid- 
line incision was made. The biliary system was located and the common 
bile duct was cut between two clamps, after which both ends were ligated. 
A stab wound was made in the right upper quadrant in a location that 
permitted the fundus of the gallbladder to be pulled through without ten- 
sion. The contents of the gallbladder were then aspirated off. Next 
the wall of the fundus was sutured to the fascia with interrupted silk 
sutures. An incision was then made in the fundus of the gallbladder, a 
rubber tube was inserted into the gallbladder, and the skin and fascia 
were sutured tightly around the tube with four interrupted fine steel wires. 
The mid-line incision was then closed in layers with interrupted silk sutures. 
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The bile was collected in a rubber bag fastened to the tube. It was 
found that a rubber balloon from a Boothby, Lovelace, and Bubuliam 
oxygen mask made an excellent receptacle because of the ease with which 
the bottom of the bag could be unplugged to remove the bile samples, thus 
eliminating the removal of the bag each time a collection was made. A 
cloth bag was tied under the dog to protect the rubber collecting bag. 
It was necessary to muzzle the dog to prevent its chewing on the collection 
bag. 

Care and Treatment of Dog—The dog was fed meat scraps once daily 
before and during the experiments. After the operation and until termi- 
nation of the experiments, the animal was given daily per os two bile salt 
capsules! The animal was in apparent good health, for it ate well and 
was very active. It was kept out of doors in a dog cage, where it was 
able to move about freely. The dog was injected intraperitoneally with 
sodium selenate (1.47 mg. of Se) containing radioselenium (838,200 c.p.m.), 
and the bile was collected at various intervals, as indicated in Table I. 
An identical injection was given a week later. Thus two separate experi- 
ments were carried out which were designated as Experiments I and II. 
Radioactivity measurements were made on samples of bile by the use of 
a Tracerlab No. 64 scaler with an unshielded Geiger tube, 1.3 mg. per sq. 
em. in thickness. 

The radioselenium, as obtained from Oak Ridge, Tennessee, was purified, 
and sodium selenate synthesized by methods described in a previous pub- 
lication (4). In order to establish the relationship between the amount of 
selenium and activity, total selenium and radioactivity were determined 
on a sample of sodium selenate containing radioselenium. It was found 
that the sample contained 572 c.p.m. per y of selenium. Radioactivity 
was expressed as counts per minute, which were corrected for background 
and radio decay. Each count represented the average of three 5 minute 
determinations. 

Preparation of Barium Bilirubinate and Bilirubin—The method employed 
for the isolation of barium bilirubinate and bilirubin was essentially that 
outlined by Hawk, Oser, and Summerson (5). Bile after collection was 
kept in the refrigerator until examined. The bile was diluted four times 
with distilled water and an equal volume of 5 per cent aqueous barium 
chloride was added to the mixture. After the addition of 1 to 2 ml. of 
1 n NaOH, the mixture was thoroughly agitated and allowed to stand at 
room temperature overnight. The flocculent precipitate was separated 
by centrifugation, thoroughly washed with distilled water, and allowed to 
dry in air. The pulverized dry precipitate was then repeatedly extracted 

1 Supligol, American Ferment Company, Inc., New York 18, New York. Desic- 
cated whole bile 0.25 gm.; ketocholanic acids 0.06 gm. 
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with warm alcohol, ether, and chioroform, and again dried in air. Samples 
of the barium salts were weighed and measured for radioactivity. In 
order to obtain the free pigment, the barium salts were hydrolyzed with 
10 per cent sulfuric acid. The mixture was extracted repeatedly, first 
with alcohol and then with hot chloroform. The chloroform fraction 
(bilirubin) in all the experiments possessed a yellow-orange color with 
maximum absorption at 450 my.2_ The chloroform fraction was evaporated 
to dryness, made to a known volume, and an aliquot taken for radioac- 
tivity measurement. 


Tas.e I 
Excretion of Selenium Via Bile in Dog after Intraperitoneal Injection of Sodium 
Selenate Containing Radioselenium 


| Collec Volume of bile Per cent of 
No. Total excreted 
hrs. wl. | mi. por be. per cent 
ee 1- 4 38 9.5 13,400 1.59 61.6 
2 4-7 25 8.3 4,015 0.48 28.1 
3 7-24 48 2.8 1,870 0.22 6.8 
4 24-28 43 10.7 470 0.06 1.9 
5 28-31 39 13.0 339 0.04 1.5 
| 6 31-48 225 13.2 1,395 0.17 1.1 
II 1 1-4 48 12 | 5,890 0.74 21.4 
2 4-7 5A 18 4,314 0.54 13.9 
3 7-24 97 5.7 2,030 0.25 3.6 
4 24-28 52 13 967 0.12 3.2 
5 28-31 33 ll 404 0.05 2.1 


RESULTS AND DISCUSSION 


The data obtained in these experiments are presented below in three 
sections dealing with biliary selenium: (1) the rate of excretion, (2) the 
dialysis of the bile, and (3) the selenium activity in the bile pigments. 

Rate of Biliary Selenium Excretion—The rate of excretion of selenium 
via bile in the dog after a single subtoxic, intraperitoneal injection of 
sodium selenate containing radioselenium is shown in Table I. In Experi- 
ment I, it will be noted that 2.56 per cent of the dose administered was 
excreted 48 hours after injection, and in Experiment II 1.7 per cent of the 
dose was excreted in 31 hours. The principal difference between the two 


? Absorption maxima were determined on chloroform fractions by the use of the 
Beckman spectrophotometer. 
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experiments lies in the amount of selenium excreted during the first 4 
hours; 7.e., 1.59 per cent and 0.74 per cent in Experiments I and II, re- 
spectively. It is of interest to point out that 62 per cent of the total 
amount of selenium excreted in Experiment I during the 48 hour test 
period was collected during the first 4 hours and, in that same time inter- 
val in Experiment II, 44 per cent of the selenium excreted in 31 hours was 
collected. 

The above results demonstrate that after a single administration of 
sodium selenate there is an initial rapid excretion of selenium within a 
few hours, followed by a slower rate which continues for at least 2 days. 
Results expressed as micrograms of selenium per 100 ml. of bile are also 
shown in Table I. These results are in general agreement with those 
reported previously (1-3), but no direct comparison can be made because 
amounts of selenium administered, time intervals, and type of selenium 
compounds administered are not identical. 

Dialysis of Bile—Since time-excretion studies showed an initial rapid 
excretion of selenium, it was thought, perhaps, that the form in which 
selenium appeared in the bile would be principally the same as that in 
which it was administered, namely inorganic selenium. This proved not 
to be true, for in the subsequent dialysis experiments (Table II) it was 
found that, according to the particular collection period examined, 42 to 
87 per cent of the total biliary selenium was non-dialyzable. The selenium 
in the dialyzable fraction was presumably sodium selenate. 

Samples of bile from the first three collection periods in Experiments I 
and II were placed individually in Visking cellophane casing and dialyzed 
against 10 liters of distilled water for 24 hours. Data obtained from these 
studies revealed that, during the first 4 hour period after injection, 87.2 
and 87.1 per cent of the bile selenium were non-dialyzable in Experiments I 
and II respectively. In the following 3 hour period, lesser amounts were 
non-dialyzable, namely 68.3 and 49.5 per cent in Experiments I and II 
respectively. The significance of the difference in the amounts of biliary 
non-dialyzable selenium in the first and second collection periods is not 
apparent at present. These data indicate that a significant fraction of 
selenium in the bile appears in organic combination when selenium is 
administered as an inorganic salt. 

Selenium Activity in Bile Pigments—Since the above results demonstrated 
that 42 to 87 per cent of the biliary selenium was in organic combination, 
it was the objective in the next series of experiments to gain information 
about the chemical nature of selenium in the non-dialyzable fraction. In 
view of previous experiments, in which it was shown that selenium was 
present in crystalline hemoglobin and hemin of blood from dogs that had 
been injected with sodium selenate (6), it appeared quite possible that 
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selenium might be incorporated into the bile pigments. Therefore, the 
bile pigments were isolated as the barium salts, which were subsequently 
hydrolyzed, and the free pigments were isolated. Radioactivity measure- 
ments were made on weighed samples of the barium salts and the free 
pigments, which are recorded in Table III. 


Taste II 
Dialysis of Dog Bile 
Experiment No, Collection my Time Count before | Count after | Non-dialyzable 
hrs ¢.p.m. per cent 
I 1 1- 4 2680 2336 87.2 
2 4-7 1606 1097 68.3 
3 7-24 374 196 52.4 
II 1 1-4 1178 1026 87.1 
2 4-7 719 356 49.5 
3 7-24 203 84 41.6 
TaB.e III 
Selenium Activity of Bile Pigments 
Activity of barium salt Activity of CHCls fraction “bilirubin” 
Experiment No. 
gm. 
Ia 0.2551 5139 48 ,328 84.3 
Ib 0.1661 2444 14,542 25.4 
Ila 0.2159 1755 41,522 72.6 
IIb 0.2201 1190 8,526 14.9 
Ic 0.578 1818 4,619 8.07 
0.3090 2082 4,263 7.45 
0.0193 2854 
IId 0.0880 1056 3,825 6.68 
0.0536 1116 3,212 5.61 
0.0283 1282 


In the first series of experiments in this section, jresh untreated bile was 
analyzed from the first and second collection periods (see Table I) and was 
designated as Experiments Ia, Ib, IIa, and IIb respectively. The activity 
of the barium salts in Experiments Ia, Ib, Ila, and IIb was found to be, 
respectively, 5139, 2444, 1755, and 1190 ¢.p.m. per gm. of salt. In the 
next series, in order to eliminate the possibility of contamination from the 
inorganic fraction, pooled bile samples from Experiments I and II were 
filtered and then thoroughly dialyzed against distilled water before the 
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barium salts were isolated. These dialyzed bile samples were designated 
as Experiments Ic and IId. In Experiments Ic and IId, the average of 
three determinations was found to be respectively 2251 and 1151 ¢.p.m. 
per gm. of salt. These data demonstrated clearly that the barium salts 
isolated from dog bile contained selenium. 

In Table III were recorded the selenium activities of the bilirubin frac- 
tion (CHCl; extract) of bile. With 584 as the molecular weight of bili- 
rubin, and 572 c.p.m. per y of selenium, the results were calculated as 
counts per minute per mM and microgram of selenium per mm of pigment. 
Results in general showed that activities per mm of pigment correlated 
fairly well with the activities of whole bile. The greatest value, 84.3 y of 
selenium per mM of pigment, was found in Experiment Ia, in which whole 
bile contained 61.6 y of selenium per cent, while the value of 41.9 + of 
selenium per mM of pigment was found in bile that contained 14 7 of 
selenium per cent. In the pooled, filtered, and dialyzed bile, 7.76 and 6.14 
y of selenium per mm of pigment were observed in Experiments Ic and IId 
respectively. 

In view of our findings reported here and in a previous publication (6), 
in which it was shown that selenium was present in crystalline hemoglobin 
and hemin, it is of particular interest to postulate the possible formation 
of selenohemoglobin similar to sulfhemoglobin, which has been demon- 
strated in vitro (7), and which may be found in the blood under certain 
pathological conditions (8). 

Sulfhemoglobin has an absorption band at 623 to 626 my (9). Data 
have been presented which show that sulfhemoglobin contains 1 more 
sulfur atom than hemoglobin (10). Michel (10) proposes the following 
reaction mechanism: 


HbO, + H:S — Hb + S + H,0, 
Hb + H.S + H,0; — HbS + 2H,0 
In vivo, the agent of sulfhemoglobin production appears to be hydrogen 


sulfide, which may be produced in the intestine by the action of bacteria } 


on food residues and absorbed from the large intestine. Hydrogen sulfide 
usually is excreted in the lungs or destroyed, but, if present in excess 
amounts, sulfhemoglobin is produced (11). Of all the sulfur compounds, 
only elementary sulfur, sulfide, or thiosulfate produces sulfhemoglobin di- 
rectly (12). In tissues other than the blood, the formation of sulfhemo- 
globin may take place in the liver, for it is known that the liver contains 
enzymes which produce hydrogen sulfide from cysteine (13). 

The exact structure of sulfhemoglobin is unknown, and, despite claims 
to the contrary, it is questionable whether sulfhemoglobin to date has been 
isolated in crystalline form (9). Various structures have been suggesied 
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for sulfhemoglobin. Haurowitz (9, 14) proposes that the sulfur and the 
additional oxygen atoms are present as a sulfone group in rings between 
the vinyl side chains and the methene group. Lemberg and Legge (11) 
believe that the heme group is bound to a thiolhistidine group by a sulfur 
linkage between the iron and the imidazole ring. Other suggestions have 
been made by Nijveld (15) and Finch (8). 

The feasibility of the formation of selenohemoglobin similar to sulfhemo- 
globin is strengthened by the claims of Clarke and Hurtley (16) that a 
compound like sulfhemoglobin can be produced by hydrogen selenide. 
However, it should be pointed out that Meissner (17) as well as Hauro- 
witz (9) was unable to confirm the findings of Clarke and Hurtley. The 
latter prepared selenohemoglobin by passing H:Se into fresh human blood, 
) which produced an absorption band at 613 to 628 my, which gradually 
increased in intensity and was permanent. On shaking the solution with 
air, the hemoglobin bands reduced, but the band 613 to 628 my remained. 

It is well known, that the animal organism has the ability to convert 
inorganic selenium (selenate, selenite) into volatile substances which are 
exhaled in the respiratory gases (18, 19). To date, the contention of 
| Hofmeister (20) that the exhaled selenium compound is a methyl deriva- 
tive lacks adequate experimental evidence (19). The possibility that the 
exhaled selenium compound is hydrogen selenide has not been disproved. 

In view of existing information concerning the metabolism of selenium 
and the chemistry of sulfhemoglobin, it appears quite likely that inorganic 
selenium (selenate, selenite), when administered to the animal organism, 
is in part reduced to hydrogen selenide, and hydrogen selenide in the 
| presence of hemoglobin under suitable conditions results in the formation 

of selenohemoglobin, similar to the formation of sulfhemoglobin in the 
presence of hydrogen sulfide and hemoglobin. The destruction and elimi- 
nation of selenium-bound hemoglobin may take place in part in the liver, 
and the degradation products appear in the bile, where a fraction of the 
selenium is combined with the bile pigments. | 


SUMMARY 


Studies were made on the excretion of selenium via bile in a bile fistula 
dog after intraperitoneal injection of sodium selenate containing radio- 
selenium. 

1. It was found in one experiment 48 hours after injection that 2.56 
per cent of the administered dose was excreted, and in another experiment 

1.7 per cent of the dose was excreted in 31 hours. 

2. The time-excretion studies showed an initial rapid excretion of se- 
lenium followed by a prolonged slower rate, for, during the first 4 hours 
in each of two experiments, 62 per cent and 44 per cent respectively of the 
total selenium were excreted. 
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3. Results from dialysis studies revealed that 42 to 87 per cent of the 


total biliary selenium was non-dialyzable, indicating that a significant 
fraction of the biliary selenium was in organic combination. 


4. The bile pigments were isolated as the barium salts, which were then 


hydrolyzed, and the free pigments were isolated. It was found that the 
barium salts contained selenium and that the bilirubin fraction, depending 
on the fraction examined, had 5.61 to 84.3 y of selenium per mm of pigment. 


5. The possible formation of selenohemoglobin and its metabolism are 


discussed. 
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VITAMIN By, AND HEMOGLOBIN REGENERATION 
IN THE CHICK* 


By JOEL R. STERN, JENG MEIN HSU, ann JAMES McGINNIS 


(From the Department of Poultry Husbandry, State College of Washington, Pullman, 
Washington) 


(Received for publication, June 25, 1951) 


At the time that the isolation of crystalline vitamin B,: was announced 
(1), it was reported that this vitamin was extremely effective in the treat- 
ment of Addisonian pernicious anemia (2). These and other reports (3, 
4) indicated that, in the human, vitamin B,: apparently stimulates the 
bone marrow to produce mature erythrocytes and myeloid leucocytes. 
In baby pigs, vitamin B,, was found by Neumann et al. (5) to promote 
erythropoiesis, but not to an optimum level, judging by an abnormally 
high erythroid percentage in the bone marrow. These authors also re- 
ported (6) that a deficiency of vitamin By, in the diet of the baby pig did 
not affect the hemoglobin level or red blood cell count, but did affect the 
bone marrow to the extent that the percentage of neutrophiles was greatly 
increased: 84 per cent in vitamin B,2-deficient animals and 20 and 14 per 
cent in supplemented animals. In the fox (7) and in the mink (8), a 
deficiency of an unknown factor, possibly vitamin B,2, resulted in severe 
anemia and other deficiency symptoms. 

Zucker and Zucker (9) observed that rats deficient in zoopherin (vita- 
min B,:) suffered high mortality in the post-weaning period, possibly from 
gastric hemorrhage. These workers also noted that the average leucocyte 
count was lower during the 2 weeks after weaning than either before or 
after this period. Further investigations regarding hematology of the 
vitamin B,2-deficient rat were made by Borson ef al. (10), who reported 
that the most striking sign of vitamin B,, deficiency which results in the 
death of the rat was the reduced leucocyte count. Nursing pups with 
leucocyte counts of 5000 per c.mm. or above tended to survive, whereas 
those with counts of 3000 per c.mm. or less died without exception. The 
granulocyte counts were closely correlated with the total leucocyte count, 
but the hemoglobin level was not so closely related. The authors suggest 
that the leucopenia does not itself cause death, but is a reflection of the 


* This investigation was supported in part by funds provided for biological and 
medical research by the State of Washington Initiative 171. Published as Scien- 
tific Paper No. 1030, Agricultural Experiment Stations, Institute of Agricultural 
Sciences, State College of Washington, Pullman. Presented at the Northwest Re- 
gional meeting of the American Chemical Society, Seattle, Washington, June 8-9, 
1951. 
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profound lesion of vitamin By. deficiency which is the actual cause of 
death. 

Vitamin By. deficiency was reported by Williams, Nichol, and Elvehjem 
(11) to have little or no effect on the hemoglobin level of chicks fed a diet 
supplemented with the other B vitamins. This indicated that vitamin B,, 
Was not so important in maintaining the normal level of hemoglobin or of 
white blood cells in the chick as in the pig, rat, fox, and mink. It is the 
purpose of the present report to present further data regarding the rela- 
tionship between vitamin By. and hemoglobin formation in the chick. 


Procedure 


The vitamin B,.-deficient, 31 per cent protein diet used in these experi- 
ments is shown in Table I. In all feeding trials, single comb white Leg- 


Tasie 
Composition of Basal Diet 


per ceni mg. per lb. 
Ground yellow corn 31 Riboflavin 4.5 
Soy bean oil meal* 65 Calcium pantothenate 7.5 
Dehvdrated alfalfa l Niacin | 15.0 
Dicalcium phosphate 2 Thiamine HCl 2.5 
lodized salt 0.5 Pyridoxine 2.5 
Vitamin A and D supplementt 0.1 Terramycin 6.8 
Choline chloride 0.1 gm. per 100 Ibs. 


pi-Methionine 0.1 MnsSO, | 


* Solvent processed, protein content 44 per cent. 
t 5000 i.u. of vitamin A and 1000 units of vitamin D per gm. 


horn chicks hatched from hens fed a vitamin B,.-deficient ration were 
divided into four groups of from twelve to thirty chicks each. Groups 
1 and 3 were fed the basal diet, whereas the diets of Groups 2 and 4 were 
supplemented with 30 y of crystalline vitamin B,. per kilo. 1 mg. of 
phenylhydrazine hydrochloride, which hemolyzes mature red cells, was 


subcutaneously injected on alternate days into chicks of Groups 1 and 2 , 


during the first trial in an attempt to produce a severe anemia. Nichol, 
Harper, and Elvehjem (12) had earlier used phenylhydrazine in a similar 
study. 

For the second trial, 2 mg. of phenylhydrazine per 100 gm. of body 
weight were injected. Administration of the phenylhydrazine was started 
when the chicks were 13 days old in the first trial and 6 days old in the 
second trial. Groups 3 and 4 were the control groups and were not 
treated with phenylhydrazine. The chicks were housed in electric battery 
brooders with raised screen floors and were weighed at weekly intervals. 

In the first run, when the chicks were 14 days old, «a small amount of 
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blood was withdrawn from the brachial vein for examination. This was 
repeated on alternate days following the injections of phenylhydrazine. 
Hemoglobin was determined by the alkaline hematin method described 
by Ponder (13) and hematocrit by centrifugation at 2000 r.p.m. for 10 
minutes to measure the volume of packed cells. In the second trial, the 
chicks were bled the day following injection of phenylhydrazine. Specific 
gravities of whole blood and of plasma were determined according to the 
copper sulfate method of Van Slyke, Phillips, ef al. (14) and hemoglobin 
and hematocrit values approximated from line charts accompanying that 
article. It was realized that the hemoglobin and hematocrit levels of 
chick blood would not necessarily correspond exactly with the specific 
gravity charts which were prepared from data with human blood. How- 
ever, it was considered that the method would be valid with respect to 
relative hematocrit and hemoglobin levels in samples of chick blood. As 
a matter of interest several samples of chick blood were analyzed for 
hematocrit by centrifugation and by the copper sulfate method. A value 
of 33.3 was obtained by the first procedure and 32.5 by the second. 

Red blood cell counts were made during the second trial, by means of a 
Spencer bright line hemocytometer. All values for hemoglobin, hemato- 
erit, and red cell counts are averages of five or six determinations. 


Results 


In Table II are shown the effects of the injections of phenylhydrazine 
hydrochloride and of vitamin By. deficiency upon the body weights of 
chicks at 4 weeks. There is a striking difference in the weights of Groups 
2 and 4 between the first and second trials. A possible explanation for 
this difference is the fact that the chicks in the first trial were bled from 
the brachial vein, whereas those of the second trial were bled by heart 
puncture. In both trials, groups which received no vitamin B,2, Groups 
1 and 3, weighed much less than Groups 2 and 4, which were fed the vita- 
min, thereby indicating that a severe deficiency existed. The effect of 
phenylhydrazine on body weights was slight, both in the presence and 
absence of vitamin By. It is interesting to note that terramycin, which 
was fed to all groups and which stimulates growth of chicks on a com- 
plete diet,' did not replace vitamin By, as a growth stimulant. Table 
III shows the results of the blood examinations for the first and second 
trials. Each figure represents the average of four, five, or seven replicates 
of one treatment and is, therefore, a mean of twenty-four, thirty, or forty- 
two individual bleedings. The significance of the interaction is due to 
the fact that little or no difference was found in hemoglobin and hemato- 
crit between Groups 3 and 4, for which vitamin B,: was the only compari- 


' McGinnis, J., Stern, J. R., and Carver, J. S., unpublished data. 
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son. In the presence of phenylhydrazine, however, Group 1, which was 
not fed vitamin By, had lower levels of hemoglobin and hematocrit and 
a lower red cell count than Group 2, which received vitamin By». 


Tas_e II 
Mean Weights of Chicks at 4 Weeks 


Mean weights 
Group No. Trea.ment 
Ist trial 2nd trial 
1 Phenylhydrazine , 100 (6)* 103 
2 Vitamin By: + phenylhydrazine 271 = (111) 198 (23) 
3 None 129 | (2) 
4 Vitamin By | 282 (11) | 192 (30) 
* Number of survivors per group. 
Tasie III 
Results of Blood Analyses 
Replicate averages 
Comp Treatment Hemoglobin | Hematocrit ey 
Ist trial 2nd trial | | 2nd trial 2nd trial 
1  Phenylhydrazine 6.1 6.2 30 18 1.37 
2 | Vitamin By + phenylhydrazine 8.5 84 43 25 1.88 
None 10.9 10.5 31 
4 | Vitamin By 11.0 11.2 33 
No. of replicates per run........... | 5 | 7 | 4 7 4 
Factorial analysis | | | 
Vitamin By, vs. none (B)............. | 1.25¢ 1.45f 13° | 4.5t | 0.51° 
Phenylhydrazine vs. none (Ph)... ... —3.65¢ —3.55t —10.5t 
tP < 0.01. 


Statistical evaluation of these data revealed that, between Groups 1 
and 2, the difference in erythrocyte count and hematocrit for the first 
trial was significant at the 5 per cent level. The hematocrit for the sec- 
ond trial and hemoglobin for both trials were significant at the 1 per cent 
level. This indicates that vitamin B,, does have an important influence 
with regard to hemoglobin formation in the presence of phenylhydrazine. 
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The statistical analysis also indicated that the hemoglobin and hemato- 
crit for those groups which received phenylhydrazine were significantly 
lower than for the groups which were not injected with this material. 

In a continuation of this study, the chicks of Groups 3 and 4, which 
received no phenylhydrazine, were continued on their diets without and 
with vitamin B,2, respectively. At 31 days of age, 2 mg. of phenylhydra- 
tine were injected into these chicks. This treatment was repeated on 
alternate days. On the day following injection, blood was collected from 
the brachial vein and analyzed for hemoglobin by the alkali hematin 
method (13) and for hematocrit by centrifugation. After 4 weeks of this 
procedure, the mean of thirteen averages for hemoglobin determinations 
was 9.9 gm. for the vitamin B,2-deficient groups and 10.5 gm. per 100 ml. 
for the supplemented group. The corresponding hematocrit figures were 
25 and 27 per cent. Later, two other lots of chicks were fed the vitamin 


Taste 1V 
Hemoglobin Regeneration 
| | Time after phenylhydrazine injection, gm. per 
Group | 100 ml. 
No. Treatment | 
 Aday | 3 days 5 days 7 days 
1 | Phenylhydrazine a. | 7.1 7.5 | 10.5 
2 Vitamin By + phenylhydrazine 84 8 9.1 10.1 11.2 
3 None | 10.0 | 
4 Vitamin Bis | 


By.-deficient and supplemented diets, respectively, for 21 days. At this 
time, all chicks received a single injection of 2 mg. of phenylhydrazine 
per 100 gm. of body weight; the time required for hemoglobin to return 
to a normal level was then observed. This is shown in Table IV. The 
chicks of Group 2, which received vitamin B,:, regained the normal level 
of 10 gm. of hemoglobin per 100 ml. 5 days after the phenylhydrazine in- 
jection. At that same time, the chicks of Group 1, which received no 
vitamin 1,2, had a hemoglobin level of only 7.5 gm. At 7 days, the vita- 
min B,.-deficient group also reached the normal level. 


DISCUSSION 


These data indicate that a vitamin B,: deficiency in the chick, although 
resulting in retardation of growth, does not interfere with the maintenance 
of normal hemoglobin levels unless an additional abnormal condition is 
imposed. Recently, however, Swenson (15) reported that, in female 
chicks, hemoglobin differences significant at the 5 per cent level were 
found between a vitamin B,.-deficient group and a second group receiving 
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3 per cent liver meal at the expense of soy bean oil meal. No significant 
differences were found in male chicks or in erythrocyte or leucocyte counts, 
hematocrit, differential count, and sedimentation rate in either sex. Swen- 
son conducted these experiments with an uncomplicated vitamin By, de- 
ficiency and used New Hampshire chicks rather than white Leghorns. 
It is possible that the liver meal at the 3 per cent level in the diet im- 
proved the protein or amino acid balance and that the improvement in 
hemoglobin level was due to this cause rather than to the vitamin By». 

As previously mentioned, an uncomplicated vitamin By deficiency 
caused distinct alterations in the hemoglobin or in the white cells in the 
pig and rat, and a lack of what may be vitamin B,2 caused anemia in the 
fox and mink. In later work with mice fed a purified diet (16), it was 
reported that these animals were made anemic by a single injection of 
phenylhydrazine, and that the erythrocyte count, but not the hemo- 
globin concentration, was increased by injections of vitamin By. On the 
other hand, in chicks made anemic by phenylhydrazine treatment, hemo- 
globin as well as erythrocyte count was increased by vitamin By: admin- 
istration. There is, thus, a considerable variation in hematological re- 
sponse to vitamin By. deficiency between the chicks on the one side and 
man, fox, mink, pig, and rat on the other. This may be a class variation 
in that birds and mammals respond differently. 


SUMMARY 


The effect of vitamin By: deficiency upon hemoglobin formation in the 
chick was studied. Unlike the rat, mouse, pig, fox, and mink, the chick 
was able to maintain normal hematocrit and hemoglobin levels in an un- 
complicated vitamin By: deficiency, although the growth rate was severely 
retarded. When the vitamin B,, deficiency was aggravated by an anemia 
resulting from injections of phenylhydrazine hydrochloride, vitamin B,; 
was shown to have a stimulatory action on hemoglobin and hematocrit. 
In the presence of phenylhydrazine, chicks which were fed vitamin B,; 
had significantly higher hemoglobin, hematocrit, and erythrocyte con- 


centrations than chicks which were deficient in vitamin By, <A single | 


injection of phenylhydrazine into 3 week-old chicks caused anemia and a 
7 day period elapsed before the hemoglobin level of deficient chicks 
reached a normal level, whereas only 5 days were required for hemoglobin 
of vitamin B,.-supplemented chicks to return to normal. 
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The identification of phosphorylated compounds formed during metabo- 
lism by microorganisms has been aided significantly by paper chromato- 
graphic and ion exchange techniques. Cohen and Scott (1) used these 
techniques to separate and identify ribose-5-phosphate formed from 6- 
phosphogluconate by a yeast enzyme system. Horecker and Smyrniotis 
(2), investigating the same enzyme system, separated two pentose phos- 
phate compounds, ribose-5-phosphate and presumably ribulose-5-phos- 
phate, from the reaction mixture by the use of an ion exchange resin. 
Stadtman and Barker (3) used chromatography to identify the acyl phos- 
phate esters formed by enzyme preparations of Clostridium kluyvert. 

Experiments with radioactive carbon by Benson et al. (4) and by Aronoff 
and Vernon (5) have followed the sequence of formation of carbohydrate 
intermediates by plants. Preliminary separation of the metabolic inter- 
mediates was accomplished by ion exchange resins and the compounds 
were identified by paper chromatography combined with radioautography. 

This report concerns the techniques of paper partition chromatography 

e ‘nd ion exchange resins which were utilized for the identification of phos- 

1 phorylated hexose esters occurring in fractions of bacterial fermentation 
products. Glucose-1-phosphate, glucose-6-phosphate, fructose-1 ,6-diphos- 
phate, and fructose-6-phosphate were identified by these techniques. Ex- 
periments on the rates of hydrolysis of fructose-1,6-diphosphate and 
fructose-6-phosphate are also presented. 


Methods 


Ion Exchange Resins—Columns of ion exchange resins were employed 
to remove salts from fractions of fermentation products which contained 
salts, hexose phosphates, and free sugars. The deionization procedure 
was essential for preparation of material which could be subjected to 
chromatographic analysis satisfactorily. Partridge and Westall (6) used 
De-Acidite and Zeo-Karb' to remove ions from simple sugar solutions 
to obtain reliable paper chromatograms for the qualitative identification 
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of the sugars. Under different conditions, Amberlite IR-4 and Amberlite 
IR-100? were used by McCready and Hassid (7) to isolate glucose-1- 
phosphate from sugar mixtures. In the present work, Amberlite IR-4B 
and Amberlite IR-100 were used to deionize acid hydrolysates of the 
sugar esters. 

The column of IR-4B, 1.5 em. by 22 em., was regenerated to its maxi- 
mum capacity with 200 ml. of 1 N ammonium hydroxide at a flow rate 
of 10 ml. per minute, followed by a thorough rinsing with water. The 
fully regenerated column retained 16 m.eq. of 0.1 N hydrochloric acid at_ 
a flow rate of 10 ml. per minute before any detectable break-through of 
chloride ion occurred as tested with silver nitrate. IR-100 was used 
routinely to remove cations prior to chromatography in a column of the 
same size that was used with the anion exchange resin; it was fully re- 
generated with 100 ml. of 0.7 ~ hydrochloric acid at a flow rate of 10 m!, 
per minute followed by rinsing with 500 ml. of water. 

A strongly basic anion exchange resin, IRA-400, was employed in some 


early attempts to separate glucose from glucose-6-phosphate. Both glu-_ 


cose and the ester were adsorbed by the resin and both compounds were 
eluted with 0.1 N hydrochloric acid, and hence no separation was accom- 
plished with the IRA-400 resin. A less strongly ionized acid or lower 
concentrations of hydrochloric acid might have permitted a satisfactory 
separation. This problem was not studied further because the IR-4B 
resin was satisfactory. 

Paper Chromatography—The method reported here was modified from 
that of Partridge and Westall (6). The adaptation and development of 


this method were essential for the identification of the sugar phosphates 


because no other chromatographic method reported was entirely appli- 


cable. The methods of Benson ef al. (4) are applicable but require radio- | 
active compounds. The Hanes and Isherwood (8) technique was in- 
vestigated to a limited extent; the method, however, was difficult to employ 
and is as yet incomplete with respect to identification of sugar phosphates 
and other phosphate compounds which have similar Ry values. By the 
Hanes and Isherwood method one cannot distinguish between fructose-6-_ 
phosphate and fructose-1 ,6-diphosphate; this difficulty, however, was over- 


come in enzyme experiments by barium and alcohol fractionations. 


Sheets of Whatman No. 1 paper, 15 em. by 38 cm., were used in glass 
cylinders with 75 per cent aqueous phenol as the solvent. The ascending 
chromatograms were allowed to run 20 to 24 hours at room temperature. 
The paper was dried at 80-90°, then sprayed with the naphthoresorcinol 
reagent of Partridge and Westall (6) for spotting ketoses or with the 
aniline hydrogen phthalate reagent of Partridge (9) for spotting aldoses. 


? Rohm and Haas Company, Philadelphia, Pennsylvania. 
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The method employed to hydrolyze fructose esters was based on the 
observations of Neuberg et al. (10) that fructose is slowly liberated when 
fructose esters are treated for several days at 37° in | N hydrobromic acid. 
The destruction of the liberated fructose was not appreciable under these 
conditions and the ketose was identified by paper chromatography after 
interfering anions and cations had been removed by ion exchange resins. 

Phosphate was determined by the method of King (11). 


EXPERIMENTAL 


Changes in polarimetric readings and inorganic and total phosphate 
were observed in 1 N hydrobromic acid solutions of commercial prepara- 
tions of fructose-1 ,6-diphosphate and fructose-6-phosphate held at 37° for 
22 days in order to determine the rate of hydrolysis of these compounds. 

Barium salts of the fructose esters were dried over phosphorus pentoxide 
under a high vacuum for 4 weeks at 55°. Our experience confirmed the 
observations of Neuberg et al. (10) that the fructose esters were difficult 
to prepare free of moisture and water of hydration. The following specific 
rotations are given by Neuberg ef al. (10): [a]? = +4.04° to +4.15° for 
fructose-1 ,6-diphosphate (FDP), [a]? = +3.58° for fructose-6-phosphate, 
and {a}? = —92.4° for fructose (F). These constants were employed in 
a formula to determine the amount of fructose-1 ,6-diphosphate or fructose- 
6-phosphate hydrolyzed to fructose. Because the rotations of fructose- 
1 ,6-diphosphate and fructose-6-phosphate are approximately the same, 
the fructose-6-phosphate value was omitted in the calculation. The for- 
mula used to determine the amount of fructose-1 ,6-diphosphate hydro- 


lyzed to fructose was as follows: 


gm. per mi. of F in or) | 


a +2] 404 (gm, per mi. of FDP X) — 92. 


where a is the observed reading with a 2 dm. tube, X is the gm. per ml. 
of FDP hydrolyzed to F, and a» is the zero correction determined from 
the observed zero time reading on the polarimeter and corrected to agree 
with the theoretical zero reading according to Neuberg et al. (10). 

The data in Table I show that after 1 week approximately 5 per cent 
of the fructose-1 ,6-diphosphate or fructose-6-phosphate was hydrolyzed 
to fructose and that this rate continued for at least 3 weeks. The amount 
of phosphate converted to the inorganic form when fructose-6-phosphate 
was hydrolyzed to fructose agreed closely with that calculated from the 
rotation data. The phosphate in the | position of fructose-1 ,6-diphos- 
phate is more rapidly hydrolyzed than the phosphate in the 6 position (10); 
this is substantiated by data on the rates and amounts of organic phos- 
phorus converted to the inorganic form (Table 1). 
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A preliminary experiment showed that the rate of hydrolysis of fructose- 
1 ,6-diphosphate at 42° was appreciably faster than at 37°; approximately 
20 per cent was hydrolyzed to fructose in 1 week. 

Barium salts of fructose-1 ,6-diphosphate, fructose-6-phosphate, glucose- 
1-phosphate, or glucose-6-phusphate, obtained either from commercial 
sources or from fermentations, were hydrolyzed and the free hexoses iden- 


tified by paper chromatography. 


I 
Hydrolysis of Fructose-1,6-diphosphate and Fructose-6-phosphate at 87° with 1 » 
Hydrobromic Acid 


Compound [Days 26 | Calculated amount 
hydrolyzed la}, werted to in- 
| Inorganic | Organic | Total organic form 

“mg. per ml. mg. perml. mg. perml. percent percent mg. per mil. 

Fructose-1,6- |+0.541 1.94 13.06 15.00 0 
diphos- 4/+0.265 5.80 | 9.20 15.00 226 | 3.2. 2.31 
phate +0.001 7.15 7.75 4.90 40.7 | 5.5) 3.95 
11 0.156 7.75 7.25 | 15.00 44.5 | 8.7) 6.28 
14 |-0.350 7.75 7.35 | 15.10 43.7 | 11.2) 8.11 
18 |—0.636 8.43 6.57 15.00 49.7 (14.9 10.81 
22 —0.763 9.14 5.86 15.00 55.1 (19.2 13.89 

Fructose -6- 0 —0.007, 0.16 7.34 7.50 0 0 0 
phosphate 4 —0.338 0.41 7.09 7.50 3.4 3.3 2.10 
7 \-—0.461 0.51 6.99 7.50 4.8 4.8/ 3.00 
11 |—0.686 0.62 6.83 7.45 | 6.9 7.4) 4.67 
14 |-0.915 0.72 6.78 7.50 | 7.6 10.0 6.29 
18 —1.064 0.91 6.59 7.50 10.2 (11.9) 7.47 
22'-1.301 1.15 6.35 7.50 | 13.5 |14.7/ 9.23 


The weight of dibarium fructose-1 ,6-diphosphate dissolved in 10 ml. of 1 N hy- 


drobromic acid was 1.3010 gm., equivalent to 0.7242 gm. of free fructose-1 ,6-diphos-_ 


phoric acid or 0.3837 gm. of fructose. The weight of barium fructose-6-phosphate 
dissolved in 10 ml. of 1 nN hydrobromic acid was 0.9575 gm., equivalent to 0.6296 
gm. of free fructose-6-phosphoric acid or 0.4362 gm. of fructose. 


Identification of Fructose from Fructose-1 ,6-diphosphate—The washed and — 
dried barium salt of a commercial preparation of fructose-1 ,6-diphosphate, — 


or that found in the barium-insoluble fraction when fermentation products 
were fractionated with barium acetate and alcohol as recommended by 
Umbreit ef al. (12), was dissolved in 1 n hydrochloric acid and held at 
42° for 3 weeks to liberate fructose. 1 N sulfuric acid equivalent to the 
barium content was added to the hydrolysate and the barium sulfate 
precipitate was removed by centrifugation. Anions were removed from 
the supernatant solution by passage through a column of anion exchange 
resin (IR-4B) which had an acid-adsorbing capacity of approximately 
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twice the amount of mineral acid contained in the hydrolysate. The 
column was washed with 25 ml. of distilled water. The effluent and wash- 
ings were concentrated to 1 ml. under a vacuum at 40-50°. When a 
poorly defined chromatogram was obtained because salts still remained 
in the solution, the concentrate was again deionized by passage through the 
cation (IR-100) exchange column and then through the anion (IR-4B) 
exchange column. 

Paper chromatograms of this concentrated acid-free hydrolysate were 
prepared by placing repeated 0.005 ml. applications of the hydrolysate 
on a spot on Whatman No. 1 paper; each application was dried with a 
current of warm air. Parallel chromatograms of the concentrate were 
made on a single sheet of filter paper with the amounts at the separate 
spots ranging from 0.05 to 0.2 ml. Pure fructose and glucose also were 
placed on the same paper to provide control chromatograms. 

Identification of Fructose from Fructose-6-phosphate—The barium salt of 
fructose-6-phosphate was analyzed by the same procedure used for the 
fructose-1 ,6-diphosphate. 

Hydrolysis and Identification of Glucose-i-phosphate—The washed barium 
salts of glucose-1-phosphate, glucose-6-phosphate, and fructose-6-phosphate 
found in the barium-soluble, alcohol-insoluble fraction of fermentation 
products were dissolved in 1 N hydrochloric acid and made up to a meas- 
ured volume. An aliquot was reserved for estimation of the 7 minute- 
hydrolyzable phosphate and 7 minute reducing value. The initial reduc- 
ing value of the fraction was assayed as soon as possible. The remainder 
of the acid solution was placed in a boiling water bath for 9 minutes and 
then quickly cooled. The hydrolyzed glucose was separated from the 
unhydrolyzed glucose-6-phosphate (which was reserved for subsequent 
identification) by neutralizing the partial hydrolysate to pH 8.2 and pre- 
cipitating the unhydrolyzed phosphate esters as the barium salts with 


- 4 volumes of cold 95 per cent alcohol and chilling for 1 hour. The super- 


natant solution containing the hydrolyzed glucose was concentrated under 
a vacuum to remove the alcohol and a slight excess of 1 N sulfurie acid 
was added to precipitate the barium. The concentrated supernatant solu- 


- tion was deionized by passage through ion exchange columns of IR-4B 
and IR-100. The effluent solution was concentrated to about 1.5 ml. 


and spotted on filter paper by repeated applications of 0.005 ml. so that 
the total amounts ranged from 0.01 to 0.06 ml. Controls of pure glucose 
were applied to the same paper in parallel chromatograms. 

Isolation and Hydrolysis of Glucose-6-phosphate—Glucose-6-phosphate 
was reprecipitated as the barium salt from the acid used to hydrolyze 
glucose-1-phosphate as described above. Glucose-(-phosphate is only 10 
per cent hydrolyzed in 3 hours by 1 Nn hydrochloric acid at 100° and thus 
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is not affected appreciably by the conditions used to hydrolyze glucose-1- 
phosphate completely. The barium salt was washed twice with 90 per 
cent alcohol, dissolved in 10 ml. of 1 N hydrochloric acid, and partially 
hydrolyzed by heating in a boiling water bath for 3 hours. Darkening 
of the hydrolysate was observed, possibly because of the destruction of 
the fructose-6-phosphate. The barium was removed from the hydrolysate 
by the addition of a slight excess of 1 N sulfuric acid followed by cen- 
trifugation. To remove the mineral acids, the hydrolysate was passed 
through a column of IR-4B which had a capacity, as established by pre- 
vious tests, sufficient to remove all of the mineral acids but to permit 
the leakage into the effluent of 25 to 50 per cent of the unhydrolyzed 
glucose-6-phosphate remaining in the acidic influent. The escape of glu- 
cose-6-phosphate with the free glucose from the IR-4B exchange column 
did not interfere with the subsequent analysis of glucose by chromatog- 
raphy; consequently, the resin columns were not modified to effect the 
complete separation of glucose from glucose-6-phosphate. The anion ex- 
change resin was washed with 30 ml. of water and the combined washings 
and effluents were concentrated to 1.5 ml. 

Paper chromatograms of the concentrated partial hydrolysate were pre- 
pared by spotting amounts ranging from 0.025 to 0.125 ml. Parallel 
control chromatograms of pure glucose were made on the same sheet of 
filter paper. 


Results 


Typical results obtained by paper chromatographic analysis are shown 
in Table II. Fructose-1 ,6-diphosphate or fructose-6-phosphate was hy- 
drolyzed by 1 N acid at 42° for 3 weeks. The fructose was identified 
by the ketose reagent on the paper chromatogram at Ry 0.51. The pure 


fructose controls had Rp values of 0.52. The slight difference in the 
Ry of the liberated fructose in the hydrolysate was probably due to the 
salt effect of the small amounts of intact fructose esters present in the 
concentrate, as evidenced by the slightly pink spots at R, 0.07. 


Glucose-1-phosphate was characterized by the lability of the phosphate 
and the appearance of a glucose spot on the paper chromatogram. Well 
defined spots at Ry 0.38 were found on a chromatogram of the concentrate | 
of the sugar liberated by hydrolysis in 1 N acid at 100° for 9 minutes; 
control spots of glucose gave the same Ry value. Commercially pre- 
pared glucose-6-phosphate or that found with glucose-1-phosphate and 
fructose-6-phosphate in the barium-soluble, alcohol-insoluble fraction of 
fermentation products was partially hydrolyzed by 1 N acid in 3 hours | 
at 100°. Chromatographic analysis of the hydrolysate by means of the 
aldose reagent showed two well defined spots at Rr 0.38 and 0.08. The 
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brown spot at Ry 0.38 was the same in color and Ry value as that of the 
control of pure glucose, indicating that glucose-6-phosphate was partially 
hydrolyzed by the 3 hour treatment. The brown spot of the hydrolysate 
at Ry 0.08 was the unhydrolyzed glucose-6-phosphate which had leaked 
through the anion exchanger, as subsequent analysis of similar parallel 
spots proved. 

Proof that.the brown spot at Ry 0.08 was glucose-6-phosphate was ob- 
tained by comparing the Ry values of the unknown material and pure 
glucose-6-phosphate. Assays of material eluted from areas at Ry 0.08 
in parallel chromatograms from one experiment showed 0.36 mg. of glucose- 
§-phosphate as estimated by reducing value and 0.25 mg. of glucose-6- 
phosphate as estimated by the organic phosphorus content. 


Taste Il 
Chromatographic Identification of Phosphorylated Sugar Esters 
Control 
Compound Hydrolysis in HC] Reagent Ge 
Rr Compound 
Fructose-1 ,6-diphosphate 42°, 3 wks. Ketose 0.51 0.52 Fructose 
Fructose-6-phosphate 42°,3 “ 0.51 0.52 
Glucose -1-phosphate 100°, 9 min. Aldose 0.38 0.38 Glucose 
Glucose -6- phosphate 100°, 3 hres. 0.38 0.38 
wo’, 3 0.08 0.08 Glucose-6- 
phosphate 


Chromatograms were run for 20 to 24 hours at room temperature, 24-27°, with 
75 per cent aqueous phenol and Whatman No. | paper. 


SUMMARY 


Techniques for identifying fructose-1 ,6-diphosphate, fructose-6-phos- 
phate, glucose-1-phosphate, and glucose-6-phosphate by paper chromato- 
graphic techniques were developed. 

The use of ion exchange resins to remove interfering anions and cations 
from solutions of acid-hydrolyzed hexose phosphate esters was necessary 
to obtain satisfactory chromatograms. 

Rates of hydrolysis of fructose-1 ,6-diphosphate and fructose-6-phosphate 
in hydrobromic acid at 37° were studied. Hydrolysis under these con- 
ditions was found to be practical for the subsequent identification of the 
liberated fructose by paper chromatography. 
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The applicability to bacteria of the Embden-Meyerhof scheme of car- 
bohydrate dissimilation has been investigated by many workers, but 
evidence for the occurrence of phosphorylated hexose intermediates in 
anaerobic glycolysis by bacteria has been incomplete and indirect. Vir- 
tanen and Tikka (1) isolated what they believed to be a hexose mono- 
phosphate from a system containing phosphate, glucose, and dried 
Escherichia coli cells. Phosphoglyceric acid has been isolated as an inter- 
mediate in the dissimilation of glucose by Aerobacter, Citrobacter, Escher- 
ichia, Propionibacterium, Serratia, and other genera (2-8). 

Utter and Werkman (9) investigated the aldolase and isomerase equi- 
libria with enzyme preparations of EF. cgli. Bard and Gunsalus (10) re- 
ported that ferrous ions are required for the function of aldolase prepared 
from Clostridium perfringens. The occurrence of aldolase suggests that 
the Embden-Meyerhof system functions in these organisms. 

The réle of phosphate in carbohydrate metabolism has been studied 
with resting cells of Streptococcus faecalis by O’Kane and Umbreit (11) 
and with Propiontbacterium pentosaceum by Barker and Lipmann (8). 

Doudoroff ef al. (12) obtained evidence for the formation of glucose-1- 
phosphate, glucose-6-phosphate, and fructose-6-phosphate when dried cell 
preparations of a non-glucose-fermenting EF. coli mutant metabolized malt- 
ose under anaerobic conditions. Colorimetric techniques were used, how- 
ever, to identify and estimate the amounts of phosphorylated intermediates 
formed. 

Leloir and coworkers (13-16) investigated the activity of glucose-1 ,6- 
diphosphate in the reaction between glucose-l-phosphate and glucose-6- 
phosphate when catalyzed by phosphoglucomutase. Glucose diphosphate 
was considered the coenzyme in this reaction and was formed by partially 
purified enzyme preparations from LF. coli, Aerobacter aerogenes, and 
Klebsiella pneumoniae acting on glucose-l-phosphate. These workers 
postulated that glucose diphosphate was formed by tranephosphoryintion 
between 2 molecules of glucose-1-phosphate. 

The coenzyme involved in the conversion of galactose-1-phosphate to 
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glucose-1l-phosphate has been shown to contain uridine, two phosphate 
groups, and glucose (17). The coenzyme has been found in animal tis- 
sues and veast not adapted to galactose and these workers suggest that 
it may have other functions besides being the coenzyme of “galactowald- 
enase.”’ 

The work reported here concerns the hexose phosphate esters which 
occur in the anaerobic dissimilation of glucose and galactose by cell-free 
enzyme preparations of Brucella suis. Techniques involving paper parti- 
tion chromatography and ion exchange resins reported by us (18) were 
utilized to show that hexose phosphate esters were formed. 


Methods and Materials 


Cultural and Enzymatic Methods—Cultures of B. suis were grown for 
approximately 40 hours on a shaker at 37° in Fernbach flasks which were 
fitted with rubber stoppers, each holding three cotton-plugged thistle 
tubes and a siphon arrangement. The medium was composed of 2 per 
cent of casein acid partial hydrolysate, 1 per cent of glucose, and 0.2 per 
cent of autolyzed yeast.'. Each flask contained 500 ml. of medium which 
provided 3 to 4 gm. of wet cell paste. 

Because of the hazard involved in pipetting or pouring viable cells of 
B. suis from Fernbach flasks, tke culture was siphoned into a receiving 
flask and dispensed into centrifuge tubes by means of a second siphon 
system. The cells were washed twice in M, 15 phosphate buffer, pH 7.0, 
and centrifuged in duraluminum cups at approximately 3400 xX g for } 
hour. The cells were finally resuspended in mM 15 phosphate buffer, pH 


8.0, so that 5 gm. of cells (wet weight) were contained in 20 ml. of liquid. | 


The cells were stored at 5° until used. 

The enzyme preparation was made in the Raytheon oscillator? by treat- 
ing 20 ml. of cell suspension at maximum voltage output for } hour at 
9000 cycles. The pH of the cell suspension changed to 7.4 during sonic 
treatment. Ice water was circulated through the instrument during op- 
eration and the enzyme preparation was kept cold until it was used. Cell 
débris and residual intact cells were removed by centrifugation at 23,000 


< g for 1 hour at 5°. In several experiments a lower centrifugation speed, | 
q pe 


5000 X g, Was employed in an attempt to increase enzyme activity. Very 
few intact cells remained in suspension after | hour’s centrifugation at 
5000 X g, although some of the larger particulates remained in the prep- 
aration. Nitrogen analysis showed that the sonic treatment converted 
approximately 75 per cent of the cell nitrogen to a “soluble” form which 
remained in the supernatant solution on centrifugation. 


' Yeast-75, Vico Products Company, Chicago, Illinois. 
? Raytheon Manufacturing Company, Waltham, Massachusetts. 
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Fractionations and Chemical Analyses—The products of fermentation 
were fractionated with barium acetate and alcohol as recommended by 
Umbreit ef al. (19). Preliminary chemical analyses of the isolated frac- 
tions were made prior to the identification of the phosphorylated inter- 
mediates by paper chromatography. 

The phosphorylated intermediates were assayed colorimetrically after 
separation into a barium-insoluble fraction (containing fructose diphos- 
phate) and a barium-soluble, alcohol-insoluble fraction (containing the 
glucose monophosphates and fructose monophosphate). 

Reducing values were determined by the method of Folin and Malmros 
(20). 

Fructose esters were determined by the method of Roe (21). The 
amount of each of the fructose esters was calculated by the use of factors. 
Fructose esters were hydrolyzed at 42° in 1 N hydrobromic or hydrochloric 
acid for 3 weeks. This technique permitted the hydrolysis of fructose 
esters without appreciable destruction of the liberated fructose (18). 
Identification of the ketose portion of the ester as fructose was subse- 
quently accomplished by paper chromatography. 

The Fiske and Subbarow method (22) or its modification by King (23) 
was used to assay the inorganic, total, and 7 minute-hydrolyzable 
phosphate. 


EXPERIMENTAL 


The experiments were carried out in 125 ml. Erlenmeyer flasks which 
contained the following components of the enzyme-substrate system: 4 
or 8 mg. per ml. of glucose or galactose, 0.008 m adenosinetriphosphate, 
0.004 MgSQ,, 0.00016 MnSO,, 0.00008 m FeSO,, 0.0064 m NaHCO, 
0.053 Mm NaF, and 12.5 ml. of enzyme preparation. The final volume was 
24.9 ml. 

1 ml. of the contents of each of the flasks was removed inimediately 
after the addition of the enzyme and mixed with an equal volume of 10 
per cent trichloroacetie acid in a volumetric flask This sample was used 
for zero time determinations. The experimental flasks were flushed for 
15 minutes with a mixture of 95 per cent nitrogen and 5 per cent carbon 
dioxide and then closed during incubation. Incubation was at 37° for 
4 hours on the shaking apparatus. 

The enzyme action was stopped by adding an equal volume of cold 


10 per cent trichloroacetic acid, and after centrifugation the material was 
fractionated with barium acetate and alcohol. The phosphorylated hexose 


compounds in the fractions were identified by chromatographic techniques 
reported by us (18). 
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Results 


The results of the analytical determinations-by colorimetric and chro- 
matographic methods (Tables I and II) show that enzyme preparations 
of B. suis metabolize glucose and galactose under anaerobic conditions 
to the initial hexose phosphate intermediates of the Embden-Meyerhof 
scheme. Approximately 15 per cent of the added substrate was metabo- + 
lized. As shown in Table I, the hexose phosphates accounted for most of 
the metabolized substrate. Adenosinetriphosphate was essential in the 
system; in its absence only a small amount of substrate disappeared and 
only small amounts of phosphorylated intermediates were formed (Table hs 
I). In early experiments it was found that greater amounts of the phos- 
phorylated esters were produced when the incubation time was increased 
from 1 to 4 hours and the substrate concentration increased from 100 to 
200 mg. 

The results obtained by paper chromatographic methods of analysis are | 
shown in Table II. Fructose diphosphate was identified in the barium-in- 
soluble fraction with either glucose or galactose as the substrate. Fructose- | —— 
6-phosphate was found in the barium-insoluble, alcohol-insoluble fraction _, ,, 


and identified by the specific ketose reagent and by paper chromatography. 9 99 
The fructose was identified by the ketose reagent on the paper chromato- | of e 
gram at Ry 0.51 following the mild hydrolysis of the barium fractions in 1 | wit! 

cent 


n acid at 42° for 3 weeks. The pure fructose controls had Ry values of — 
0.52. 
Glucose-1-phosphate was characterized by the lability of the phosphate 
and the appearance of a glucose spot on the paper chromatogram. This | 
ester was found when either glucose or galactose was the substrate. As_ 
shown in Table II, well defined spots at Ry 0.38 were found on a chromato- — 
gram of the concentrate of the sugar liberated by hydrolysis in | N acid 
at 100° for 9 minutes; control spots of glucose gave the same Ry value. 
Analytical determinations of easily hydrolyzable phosphate and reducing | ,, 


sugar were made on the barium-insoluble, alcohol-insoluble fraction. Al- on 
though increases were observed, the ratios of phosphorus to reducing sugar ale 
were not consistent from one experiment to another; in some instances the ins 


inorganic phosphate in the fraction was high. Glucose-6-phosphate, found 
in the same fraction with glucose-1-phosphate, fructose-6-phosphate, and — 
pentose phosphate, was partially hydrolyzed by 1 N acid in 3 hours at 
100°. Chromatographie analysis of the hydrolysate when the aldose re- 
agent was used showed four well defined spots (Table II). The brown — 
spot at Rp 0.38 was the same in color and Ry as that of the control of 

pure glucose, indicating that glucose-6-phosphate was partially hydrolyzed! —-p 
by the 3 hour treatment. The brown spot of the hydrolysate at Ry 0.08 with 


and 


| 
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TaBLeE I 
ae | Anaerobic Dissimilation of Carbohydrate by Enzyme Preparations of Brucella suis 
ms | Reducing values (glucose equivalents) | 
loroacetic Bari 
Tic fitrate hol-insoluble fraction | Fructose 
of phosphate = te diphosphate 
he | | Metabo. | Before | After 
ble hrs. | mu mg. me. me. mg. mg. mg. 
Os- .... ae Glucose 98 17 6.6 8.6 6.2 0.8 
ed | ae Galactose 98 13 2.6 6.9 2.6 0.2 
to 1 0.2 None 2 1 0.3 2.7 0.2 0.2 
4 0.2 Glucose 199 31.125 24.5 9.6 6.8 
0.2 25 31 | 11.8 | 20.1 | 105 | 8.2 
are ae os. 208 1 | 2.1 5.9 1.4 1.1 
in- 0 | None | o4 | O2 | 
pul The experiments were carried out in flasks which contained, in addition to the 
—_ adenosinetriphosphate and substrate, the following substances: 0.004 m MgS0,, 
hY.  0,00016  MnSO,, 0.00008 FeSO,, 0.0064 NaHCOs, 0.053 m NaF, and 12.5 ml. 
to- of enzyme preparation. The final volume was 24.9 ml. The flasks were incubated 
n 1 { with shaking at 37° under an atmosphere of 5 per cent carbon dioxide and 95 per 
of | cent nitrogen. 
II 
ate Chromatographic Identification of Phosphorylated Sugar Esters 
his | | Content 
As! Fraction Hydrolysis in x Reagent | of un- | — Compound indicated 
to- | | Compound 
ue, Barium- 42°, 3 wks. | Ketose 0.51 | 0.52 Fructose Fructose diphos- 
insoluble | | phate 
itt | | * Fructose-6-phos- 
Al- soluble, | | phate 
gar aleohol- 100°, 9 min. Aldose 0.38 | 0.38 Glucose Glucose-1-phos- 
the insoluble | | | phate 
ind 100°, 3hrs.* | (0.38 | 0.38 Glucose -6-phos- 
| phate 
“0.08 | 0.08 | Glucose- 
at | | | 6-phos- 
re- | | phate 
wn | | 100°,3 | | 0.60 | 0.50 | Ribose Ribose phosphate 
of | 100°, 3 | 20 | 
zed | ‘The chromatograms were acess for 20 hours at room temperature, 24-27°, 
.08 with 75 per cent aqueous phenol and Whatman No. | paper. 


* The 3 hour hydrolysis was carried out on the fraction reprecipitated by barium 
and aleohol after the initial 9 minute hydrolysis. 
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was the unhydrolyzed glucose-6-phosphate which had leaked through the 
anion exchanger, as previous experience had demonstrated. The other 
spots, which had the typical reddish brown color of aldopentoses, appeared | 
at Ry 0.59 and 0.20 and were found to be due to pentose and pentose phos- 
phate respectively. Analyses of materials eluted from parallel chromato- 
grams in the area of Rr 0.20 gave a pentose to phosphorus ratio of 64 
(theoretical value, 5). These pentose spots probably arose from the ade- 
nylie acid which was originally present in the barium-soluble, alcohol- |! 
insoluble fraction. The pentose and purine values of the fraction were 
equivalent. 

The brown spot at Ry 0.08 was glucose-6-phosphate (18). Ultraviolet 
spectrophotometric assays at A 2600 made on the area of Ry 0.08 dis- 
closed the absence of purines and, therefore, the absence of nucleotide 
phosphorus. Pentose was not found in significant amounts and fructose 
esters would have been destroyed by the 3 hour hydrolysis. 


DISCUSSION 


Although the phosphorylated hexose esters of the Embden-Meyerhof 
scheme were identified following the anaerobic dissimilation of glucose ) 
and galactose by enzyme preparations of B. suis, there is no assurance | 
that other metabolic routes are not also in operation in the intact cell. 
It is generally recognized that enzyme preparations such as those em- 
ployed in this study merely show enzymic capability and may not neces- 
sarily portray the exact sequence of events that takes place in the living 
cell, 

The technique of preparing enzymes by sonic means has been considered 
by some investigators to be quite harsh and capable of destroying certain 
enzyme systems. ‘The sonic disintegration of cells was the only permissible 
means of preparing enzymes in this work because of safety considerations. 


SUMMARY 


Phosphorylated hexose esters of the Embden-Meyerhof scheme are. 
formed during the initial steps of anaerobic dissimilation of glucose and. 
galactose by enzyme preparations of Brucella suis. The phosphorylated 
intermediates were identified by techniques employing paper partition 
chromatography and ion exchange resins. Adenosinetriphosphate was es- 

sential in the anaerobic system which also contained substrate, Mg**. 
Mn**, Fe*++, phosphate buffer, and sodium fluoride. Evidence was ob- 
tained for the occurrence of glucose-l-phosphate, glucose-6-phosphate, 
fructose-6-phosphate, and fructose-1 ,6-diphosphate. | 
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METABOLISM OF THEOPHYLLINE (1,3-DIMETHYL- 
XANTHINE) IN MAN 


By BERNARD B. BRODIE, JULIUS AXELROD, ann JULES REICHENTHAL 


(From the Section on Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, August 17, 1951) 


The intermediary metabolism of theophylline has been the subject of 
a number of studies, but its fate in the body is still unsettled. Kruger 
and Schmidt (1) working with dogs reported that the administration of 
theophylline to dogs is followed by the appearance of 3-methylxanthine 
in the urine. Myers and Wardell (2) and Buchanan, Christman, and 
Block (3) showed that ingestion of theophylline in man is followed by 
an increased urinary excretion of phosphotungstic acid-reducing material. 
The former investigators were unable to determine whether the increase 
in reducing material was due to uric acid or to a methylurie acid. The 
latter were able to show, by the use of uricase, that the increment in 
reducing material is not uric acid. They concluded that a large part of 
the theophylline is excreted as 1-methyluric but suggested that 3-methyl- 


uric or 1,3-dimethyluric acid may also be formed. None of these com- 
_ pounds was actually isolated in support of their hypothesis. Myers and 


Hanzal (4) working with the Dalmatian dog concluded, from the color- 
yielding value of the phosphotungstic acid-reducing material, that theo- 
phylline is excreted mainly in the form of 1,3-dimethyluric acid. In a 
preliminary report, Weinfeld (5) suggested that 1l-methyl- and 1,3-di- 
methyluric acid are excreted in rabbit urine after feeding theophylline. 
The compounds were identified by their behavior on paper chromatograms. 

The utilization of counter-current extraction and ion exchange chroma- 
tography have made it possible to obtain definitive information concerning 
a part of the metabolic pathway of theophylline. The present paper 
reports studies on the fate of theophylline in man and describes the iso- 
lation and characterization of 1,3-dimethyluric acid, a major transfor- 
mation product. 


Methods 
Estimation of Theophylline in Urine—Theophylline is isolated for analy- 


_ sis from urine, to which has been added excess solid NaCl, by extraction 


at about pH 7 into 40 ml. of chloroform’ containing 3 per cent isoamyl 


' The solvents, reagent grade, are purified wd successive washings with 1 n NaOH, 
1 x HCl, and two washings with water. 
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aleohol.! The NaCl serves to augment the completeness of the extraction. 
The chloroform phase is washed with 3 ml. of NaCl-saturated phosphate 
buffer, pH 7, to remove some normally occurring “blank” material? The 
drug is returned to an aqueous phase by shaking with 4 ml. of 2.5 x NaOH. 

Theophylline exhibits a pronounced absorption peak at 277 my. Some 
residual blank not removed by the buffer wash of the chloroform phase 
also absorbs light at this wave-length. Correction for this blank depends 
upon the observation that its optical density at 277 and 300 may is almost 


the same, whereas that of theophylline decreases by about 95 per cent. : 


The optical density of the alkaline solution of theophylline is determined 
at 277 and 300 my in a spectrophotometer (Beckman). A standard solu- 
tion of theophylline carried through the above procedure is measured at 
both wave-lengths. The theophylline concentration in the solution being 
measured equals (U, — U4)/(S, — C, where U, and UU’, are the 
optical densities of the unknown at 277 and 300 my respectively, S, and 
S, are the optical densities of the standard at these wave-lengths, and ( is 
the concentration of theophylline in the standard. 

Counter-C urrent Procedure—Counter-current distribution was carried out 
by means of a separatory funnel technique involving eight transfers (6). 
The immiscible solvent pairs were chosen so that the material under 
study was distributed about equally between the two phases. In each 
case the solvent pairs were previously saturated one with the other. After 
distribution, the partition ratio of the material in each separatory funnel 
was determined by measurement of the concentration of the material 
in each phase. Theophylline was measured in alkaline solution as de- 
scribed above. 1,3-Dimethyluric acid was measured spectrophotometri- 


— 


cally in acid solution at 285 mg. Theophylline in the organic phases was 


transferred to an aqueous phase by extraction into alkali; | ,3-dimethylurie 
acid in the organie phases was transferred by evaporation of an aliquot of 
the solvent to dryness in a stream of air and dissolving the residue in acid 
solution. 


EXPERIMENTAL 


A human subject, on a diet free of coffee, tea, and other xanthine- 
containing beverages, was given 750 mg. of theophylline orally, in three 
divided doses, over a 5 hour period. Urine was collected for 18 hours 
following the last dose. 


Identification of Theophylline in Urine—10 ml. of urine were adjusted to 


pH 7 with NaOH and shaken with 200 ml. of chloroform containing 3 per 
cent isoamyl alcohol. Theophylline-like material in the solvent was re- 
turned to an aqueous phase by shaking with 8 ml. of 0.1 N NaOH. The 


? About 4 per cent of the theophylline is removed by the buffer wash. 


mi 
| tic 
Iss 
tog 
| th 
mi 
1 
eur 
(co 
par 
of t 
Onl 
| feri 
| 
Te 
tota 
four 
hate 
and 
of o 
of 
line 
Oxi 


=" 


B. B. BRODIE, J. AXELROD, AND J. REICHENTHAL 217 


material was then subjected to an eight transfer counter-current distribu- 
tion. The solvents used were chloroform containing 1.8 per cent isoamy! 
(1 volume) and | m phosphate buffer, pH 6.7 (1 volume). In Table I 
is shown the total amount of apparent theophylline present in each funnel, 
together with the fraction present in the chloroform phase. Except in 
the end funnels, which contained only a small percentage of the total 
material, the ratio of the amount of solute in the chloroform phase to the 


TaBLe | 


Counter-Current Distribution of Apparent Theophylline from Urine after 
Administration 
The chloroform-soluble material was subjected to an eight transfer counter- 
current distribution in separatory funnels between equal volumes of chloroform 
(containing 1.8 per cent isoamy! alcohol) and 1 m phosphate buffer, pH 6.7. The 
partition ratio of apparent theophylline in each funnel is expressed as the ratio 
of the amount of solute in the chloroform phase to the total amount in both phases. 
Only Funnels 1 and 2 show significant material with solubility characteristics dif- 
fering from pure theophylline. 


Separatory funnel No. Amount per funnel Fraction® in chloroform phase 
7 
l 52.3 0.05 
2 24.1 0.16 
3 38.8 0.46 
4 93.5 . 0.49 
5 139.0 0.49 
6 135.8 0.49 
7 77.4 0.47 
27.3 0.47 
9 5.2 0.54 
Total 593.4 


* When pure theophylline was distributed between the solvent pair, the fraction 
in the chloroform phase was 0.47. 


total amount in both phases was constant and almost identical with that 
found for authentic theophylline measured at the same time, the same 
batch of equilibrated solvents being used. The material in Funnels 1 
and 2 displayed no peaks in the ultraviolet and was, presumably, normally 
occurring material from the urine. These results indicate the presence 


of only one major component which possesses the solubility characteristics 
of theophylline. 


Metabolic Transformation Products in Urine—The oxidation of theophyl- 
line in Position 8 would result in the formation of 1 ,3-dimethylurie acid. 
Oxidation, accompanied by the loss of a methyl group, would yield 1- or 
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3-methyluric acid. Conditions were examined for the isolation of these 
methyluriec acids from urine. All three compounds can be extracted from | ph 
acid solution into isobutyl alcohol. Adding petroleum ether to the alcoho! | 9.1 
phase and shaking with aqueous alkali returns the three compounds to an | de 
aqueous phase. Under these conditions uric acid is also extracted. Urie | am 
acid, however, can be destroyed by incubation with uricase at pH 9.2, | to 
without affecting the methyluric acids. jec 

After the initial chloroform extraction (see above under theophylline) | Vv 
150 ml. of urine were adjusted to about pH 9.2 by the addition of NaOH. [| ea¢ 
30 ml. of 0.8 m borate buffer, pH 9.2, were then added. The buffered | ot 
urine was incubated for 2 hours at 45° with 7.5 gm. of uricase powder! | ev! 
The urine was then acidified with HCI and extracted twice with 5 volumes | mi 
of isobutyl alcohol. 2 volumes of petroleum ether were added to the iso- 
butyl alcohol and the organic solvent mixture was shaken with 0.05 volume 
of borate buffer, pH 9.2. The absorption spectrum of the aqueous phase } Dis 
was examined and revealed considerable amounts of material with an 
absorption peak at 295 my in alkaline solution, and at 285 mg in acid 
solution. When normal urine was extracted as above, no material was | 7), 
found that had absorption peaks at these wave-lengths. These results | ati 
suggested the presence of a methyluric acid. pha 

The aqueous extract was then acidified and reduced to one-fourth its | 
volume by evaporation at room temperature in a stream of air. The ex-| —_ 
tract was adjusted to about pH 1 by the addition of concentrated HCI. 
A counter-current distribution was carried out with the immiscible solvent 
pair, isobutyl aleohol (1.5 volumes) and 0.1 N HCl (1 volume). The 
contents of Funnels 4 to 7 were found to have similar partition ratios. 
Funnels 8 and 9 contained a water-soluble material, approximately 15 
per cent of the total. This material had no absorption peak in acid or 
alkaline solution. 3-Methylurie acid would have been carried into Fun- | ting 
nels 8 and 9, as may be computed (7) from the measured partition ratio dee 
of the compound (Table If). It may be concluded, therefore, that little T 
if any 3-methyluric acid was present in the urine. The contents of Funnels | 3-m 
4 to 7 were combined, 2 volumes of petroleum ether were added, and the! the 
acidic material contained in the isobutyl alcohol was transferred to the 
aqueous phase by shaking. The combined aqueous: extract was then | gest 
evaporated at room temperature in a stream of air to a volume of about” |-m 
100 ml. Further purification of the material was effected by means of | of t! 
ion exchange chromatography. The solution was adjusted to pH 4 and 
the acidic material was adsorbed on an anion exchange column (Dowex I. 


* The uricase preparation was a hog liver acetone powder, kindly donated by IN 
Dr. T. F. Yu. passe 


a 
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phosphate). The chromatogram was developed with water followed by 
0.1 s HCl. The fractions which appeared soon after initiation of HCl 
development contained material with an absorption minimum at 260 my 
and a maximum at 285 mu. These fractions were pooled and concentrated 
to a volume of 40 ml. with a stream of air. The material was then sub- 
jected to a further counter-current distribution under the conditions pre- 
viously described. Comparison of the partition ratios of the material in 
each funnel indicated that only one major component was present. The 
contents of Funnels 3 to 7 were pooled, and the phases separated and 
evaporated to dryness in a stream of air. The residue was dissolved in a 
minimal amount of hot water and allowed to crystallize. Two recrystal- 


II 
Distribution of Various Methyluric Acid Derivatives between Isobutyl Alcohol and 
Water at Various pH Values 

Solutions of the metabolite and of various synthetic methyluric acid derivatives 
were adjusted to various pH values and shaken with 1.5 volumes of isobutyl alcohol. 
The fraction of the compounds extracted at various pH values is expressed as the 
ratio of the amount of compound in the organic phase to the total amount in both 
phases. 


pH 1,3-Dimethyluric acid) 1-Methyluric acid | 3-Methyluric acid Metabolite 
9.0 0.16 0.12 0.16 
7.0 0.26 0.16 0.25 
3.0 0.45 0.35 0.45 
1.0 0.46 0.42 0.12 0.46 


lizations from water yielded 6.2 mg. of crystals which had a brownish 
tinge. A melting point was not taken, since methyluric acid derivatives 
decompose between 400-500°. 

The solubility characteristics of the metabolite and of 1-methyluric, 
3-methyluric, and 1 ,3-dimethylurie acids were compared. Table II shows 
the distribution of the compounds between isobutyl! alcohol and water at 
various pH values. The solubility characteristics of the metabolite sug- 
gested that it was 1,3-dimethyluric acid, but did not definitely exclude 


 I-methylurie acid as a possibility. The ultraviolet absorption spectra 


of the metabolite and 1,3-dimethyluric and 1-methylurie acids were com- 


_ pared (Fig. 1). The spectra of 1,3-dimethylurie acid and the metabolite 


_  *The column of Dowex 1 was washed successively several times with 1 n HCl, 
i by 1N NaOH, and water. A large excess of 0.1 m phosphate buffer, pH 7, was then 

. passed through the column. The excess phosphate was removed by washing with 
water. 
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in 0.1 xn HCl were the same but differed somewhat from that of the 1- 
methyl derivative, which had its absorption peak displaced about 4 my 
towards the shorter wave-lengths. At pH 8, the spectra of 1 ,3-dimethyl- 
uric acid and the metabolite were again the same, but in this case the 
1-methy] derivative was markedly different. Conclusive evidence that the 
metabolite was | ,3-dimethyluric was obtained by comparison of infra-red 
spectra (Fig. 2). 

The amounts of theophylline and 1,3-dimethyluric acid excreted in 
urine were measured subsequent to the administration of theophylline. 
Two human subjects were given 770 mg. of drug orally in three divided 
doses over a period of 5 hours, and the urine was collected for 18 hours 
following the last dose. The excretion of theophylline and its metabolite 
was negligible subsequent to this time. Only a small amount of the drug 
was excreted unchanged, in one case 54 mg. (7 per cent) and in the other 
92 mg. (12 per cent), indicating that the drug is largely metabolized in 
the body. 

The amount of 1,3-dimethyluric acid excreted in the urine was deter- 
mined as follows: An aliquot of the urine was incubated with uricase and 


then extracted with isobutyl alcohol. The metabolite was returned to 


borate buffer of pH 9.2 and then subjected to an eight transfer counter- 
current distribution by use of the system isobutyl alcohol (1.5 volumes) 
and 0.1 x HCl (1 volume). After counter-current distribution the “‘ap- 
parent” 1 ,3-dimethyluric acid in both phases of Funnel 5 was determined 
spectrophotometrically, as described previously. The partition ratio was 
almost identical with that found for authentic | ,3-dimethyluric acid meas- 
ured at the same time. It may be presumed, therefore, that all the 
material measured in Funnel 5 was 1,3-dimethyluric acid. The total 
amount of 1,3-dimethyluric acid present in the separatory funnels was 
calculated from the amount found in Funnel 5 by application of the 
binomial expansion in the manner described by Williamson and Craig (7). 
1 ,3-Dimethyluric acid, equivalent to 51 and 38 per cent of the administered 
theophylline, was found to be present in the urine of the two subjects. 

Action of Xanthine Oxidase on Theophylline—The possible catalytic ef- 
fect of xanthine oxidase® on the oxidation of theophylline to 1 ,3-dimethyl- 
uric acid was tested by using a method comparable to the technique of 
differential enzymatic spectrophotometry, described by Kalckar for the 
reaction xanthine — uric acid (9). The results indicate that xanthine 
oxidase, at least in vitro, does not catalyze the oxidation of theophylline 
to 1 ,3-dimethyluric acid. 

5 Xanthine oxidase was prepared from raw cream according to the procedure ol 


Horecker and Heppel (8). A preparation carried through the ammonium sulfate 
fractionation was kindly supplied by Dr. J. Rowen. 
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Fic. 1. Absorption spectra of synthetic 1,3-dimethylurie acid (solid line), syn- 
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Fic. 2. Infra-red absorption spectra of 1,3-dimethylurie acid (upper) and com- 
- pound isolated from urine (lower). 
' with 0.1 ml. of mineral oil. 


| thetic 1-methylurie acid (dotted line), and metabolite isolated from urine (broken 
line). Concentration, 10 y per ml. Cell thickness, 1 em. 
80 
sor 7 
= 40r 
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(A) 


1,3-Dimethylurie acid (2.2 mg.) was mulled 


The unknown (1.6 mg.) was mulled with 0.12 ml. of 


re of mineral oil. Measurements were made with a Perkin-Elmer recording infra-red 
spectrophotometer (model 21). 
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DISCUSSION 


The results obtained demonstrate that about 10 per cent of a large 
dose of theophylline administered to man appears unchanged in the urine 
and as much as 50 per cent as 1,3-dimethyluric acid. If any 1- or 3. 
methyluric acid is excreted, the amounts are small. 

The finding that xanthine oxidase from milk is incapable of catalyzing 
the oxidation is in agreement with similar observations made with the 
enzyme on theophylline, caffeine, and theobromine (10-12). It is possible 
fhat the xanthine oxidase in tissues is different from that found in milk 
and can catalyze the reaction. 

Theophylline may be oxidized in the body by a mechanism which does 
not require xanthine oxidase. It is conceivable that xanthine itself may 
also be oxidized, in vivo, by a similar mechanism. 


We are indebted to Dr. A. A. Christman and Dr. R. F. Hanzal for the 
methyluric acids, and to Dr. J. Rowen for the infra-red absorption meas- 
urements. 


SUMMARY 


When theophylline is administered to man, only a small amount of the 
_ drug appears unchanged in the urine. A major pathway of metabolic 
transformation of theophylline is its oxidation to 1,3-dimethylurie acid. 
The oxidation of theophylline is not catalyzed in vitro by xanthine oxidase 
from milk. 
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THE INORGANIC COMPOSITION OF THE HUMAN RIB 
WITH AND WITHOUT MARROW ELEMENTS* 


By RICHARD H. FOLLIS, Jr. 


(From the Department of Pathology, The Johns Hopkins University School of 
Medicine, Baltimore, Maryland) 


(Received for publication, August 18, 1951) 


Recently, in reviewing the literature on the inorganic composition of 
human bone, we were somewhat surprised to find so few data based on the 
more modern methods of analysis which were introduced by Kramer and 
his associates (1, 2). For such determinations the fat-free, dry weight is 
taken as the value upon which to express the concentration of inorganic 
elements, with dry or preferably wet ashing procedures. In view of the 
lack of suitable data for “normal” values with which to compare certain 
specimens of diseased bone which we have been studying, an analysis has 
been carried out on supposedly “normal bone” removed at autopsy from 
individuals of different ages who died of a variety of causes. In order to 
determine how much the presence or absence of marrow elements might 
affect the final results, a comparison of the composition of bone with and 
without marrow elements has been made. We have excluded cases in 
which there might be any question of bone disease: metastatic tumor, 
endocrine disturbance, renal insufficiency, etc. Since the rib is an ex- 
tremely easy specimen to procure, has a relatively small diameter, and 
contains abundant marrow elements even in adult life, this bone was cho- 
sen for analysis. 


Methods 


Ribs, usually the sixth, seventh, or eighth, were obtained at autopsy. 
After removing adhering fat, muscle, and periosteum, transverse slices 
2 to 3 mm. thick were made with a vibratory jig-saw (Craftsman No. 2980) 
approximately 3 to 4 em. from the costochondral junction. One slice 
was held under a high pressure jet of water in order to wash out the mar- 
row elements. The freeing of the slice from the marrow elements was 
confirmed by microscopic examination of similarly treated slices. Both 
slices were dried in alundum thimbles at 100° and then refluxed for 12 
hours with Bloor’s mixture (3 parts of ethyl alcohol, 1 part of ether). 


* Aided by grants from Mead Johnson and Company and the Damon Runyon 
Memorial Fund for Cancer Research, Inc. A portion of the data reported herein 
was presented at the Second Conference on Metabolic Interrelations, Josiah Macy, 
Jr., Foundation, New York, January 9-10, 65-67, 1950. 
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After drying, each slice was weighed on a torsion balance. Those on 
which only calcium and phosphorus determinations were to be performed 
were digested overnight in 3 N HCl at 100°. Duplicate aliquots were 
taken for calcium analysis by the method described by Sobel et al. (3) 
and for phosphorus by the method of Fiske and Subbarow (4). For 
carbonate determination the Warburg manometric technique of Deakins 
and Burt (5) was employed; 3 cc. of 3 ~n HCl were used in the flask and 
the bone specimen was tipped in from the side arm after equilibration. 
The reaction was allowed to go on for 2 hours. The solution was then 
removed from the Warburg vessel, which was rinsed with 3 n HCl, and 
made up to volume; any remaining particles were digested overnight at 
100°. Calcium and phosphorus determinations were performed as above. 
Carbonate was calculated from the carbon dioxide evolved, corrected for 
the solubility of CO, in 3 N HCI at 37°, according to the method described 
by Deakins and Burt (5). 


Results 


The analytical data are shown in Table I. The values for calcium, phos- 
phorus, and carbonate are fairly uniform. The effect of marrow elements 
is consistent; that is, the presence of erythroid- and myeloid-forming cells 
tends to give lower values for the inorganic components of bone than when 
these data are expressed on a marrow-free basis. This finding is not an 
unexpected one but has not often been considered in chemical analyses. 

Calculations have been made of the residual caleium to phosphorus 
ratios as computed by Howland ef al. (2). It will be noted that the ratios 
of the bone plus marrow are lower than those of the bone freed from mar- 
row, as would be expected. The only other finding worth comment is 
the rise in carbonate content with age; this, of course, is well known. 


DISCUSSION 


The earlier literature dealing with the chemical composition of bone has 
been reviewed by Aron and Gralka (6) and by Heubner (7). Data are 
available on a variety of species, but the few determinations on human 
bone that are found are usually calculated on the total wet weight or ash 
content of the specimen. Since the introduction of more suitable methods 
based on dry, fat-free specimens which are wet-ashed, a few observations 
are available on human ribs; these results are presented in Table II. 
There is some variation, but in general the values cited are fairly con- 
sistent. However, in all but one (10) the specimens used consisted of 
both marrow elements and bone. The values for calcium reported by 
Baker et al. (10) are the highest and are in accord with ours; these workers 
resorted to the tedious procedure of microdissection to remove the marrow 
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TaABLe I 
Percentage Composition of Dry, Fat-Free Bone with and without Marrow Elements 


Residual 
Subject No. Age Cause of death Ca P CO:  Ca:P 
ratio® 

yrs. 
100 2.5 Congenital malforma-  BMf | 22.67 10.64 2.80 1.89 
tion of heart Bt 25.56 11.82 3.05 1.92, 
912 Glioma BM 23.71 11.39 | 2.52 1.90 
| 25.64 | 12.07 2.81 1.92 
| Burns | BM 21.95 10.34 2.69 1.88 
| 24.12 10.75 2.95 1.98 
| (17 | Meningitis BM 22.95 10.75 | 2.72 1.89 
25.12 | 11.49 | 3.09 1.94 
043 21 Poliomyelitis (acute) BM | 23.60 | 11.42 | 2.75 = 1.85 
| B 26.30 | 12.11 | 3.06 1.95 
41 33 Lobar pneumonia BM 22.87 | 10.51 | 3.04 1.91 
B 25.75 | 11.71 | 3.43 
036 51 Anesthetic BM 24.12) 11.42 3.54 1.83 
B 26.91 11.87 | 3.95 1.96 
103 | 52 | Coronary occlusion BM | 22.96 | 10.59 | 3.12 | 1.95 
ge B 25.64 | 11.54 | 3.53 1.96 
085 59 Cerebral hemorrhage BM | 23.87 | 10.98 | 3.32. 1.90 
B 26.22 11.70 | 3.84) 1.94 
66 BM 23.11 | 10.71 | 3.18 1.89 
B 25.62 | 11.60 | 3.73 1.92 
Average. | 23.18 | 10.88 | 2.97 | 1.89 


~ 


* The residual Ca:P ratio is obtained by subtracting the calcium equivalent 
of COz in CaCO,, which is obtained by multiplying the per cent CO, by 0.91 (3). 
+ BM, bone plus marrow elements; B, bone freed of marrow elements. 


II 
Reports on Inorganic Composition of Human Rib 


| Biblio 

No. 
“per cent per cent 
....+| 22.74 | 10.50 | 2.87 | (8) 
Premature 20.91 (9) 
Full term 6-21.65 (9) 
Average, 11 children. 24.39 (10) 
10 vrs. | 21.96 10.27 2.89 (8) 
22.20 10.11 3.37. (8) 
Average, 9 adults 25.59 (10) 
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elements and do not present values for phosphorus and carbonate. The 


use of a high pressure jet of water would seem to be a much easier pro- 


cedure. 


SUMMARY 


Analyses for calcium, phosphorus, and carbonate in human rib with and | 
without marrow elements have been carried out. The resulting values | 


are higher in the marrow-free slices of rib than in those containing blood- 


forming elements, and hence the desirability of removing extraneous ele- | 


ments would seem to be of importance. A series of “normal” values from 
individuals presumably without bone disease is presented. 


own WS 
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A STUDY OF THE RIBONUCLEASE ACTIVITY 
OF SNAKE VENOMS* 


By ARMANDO R. TABORDA,t LAURA C. TABORDA,t J. N. WILLIAMS, Jr., 
anp C. A. ELVEHJEM 
(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, August 31, 1951) 


The observation that snake venoms are able to hydrolyze thymus and 
yeast nucleic acids was first made by Delezenne and Morel (1) in 1919. 
This discovery remained practically forgotten until 1945 when Gulland 
and Walsh (2) employed the nuclease in the venom of Vipera russelli in 
studying the composition of yeast ribonucleic acid. The presence of nu- 
cleases in snake venoms assumes a role of great importance if their prop- 
erty can be correlated with the mechanism of poisoning by the venoms, as 
well as with other physiological actions of snake venoms, particularly the 
action upon cancer cells (3-5). The connection between cytoplasmic 


- ribonucleic acid (RNA) and protein synthesis in the cell, as emphasized 


by Caspersson and others (6-8), is highly suggestive of the relation be- 
tween nucleic acids and the physiological processes involving normal and 
atypical growth. 

Because of the lack of specific knowledge concerning the nuclease ac- 
tivity of snake venoms and because of the possible importance of these 
enzymes in relation to some of their physiological actions, the present 
study has been undertaken. In this investigation ribonuclease activities 
of various snake venoms have been determined, and a detailed study of 
the properties of one venom in particular, Bothrops jararaca, has been 
carried out. In the latter case the effects of various inhibitors and activa- 
tors, some of which are known to influence the toxicity of the venom, have 
been studied in an attempt to observe whether any correlation between 
toxicity and ribonuclease activity exists. 


EXPERIMENTAL 
Methods and Materials—The ribonuclease (RNase) activity of the snake 


- venoms was determined manometrically by the method of Bain and Rusch 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. 

t Permanent address, Instituto Butantan, Sao Paulo, Brazil. 
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(9). This involved measuring the evolution of the carbon dioxide liber- 
ated from a bicarbonate buffer by the action of free acidic groups produced 
by the enzyme. The RNA samples employed as substrate were com- 
merical preparations which were further purified in this laboratory by 
the method of Zittle (10) to remove nucleotides, nucleosides, and inorganic 
substances which might interfere with the assays. 

The snake venoms employed in these experiments were collected at the 
Instituto Butantan, Sdo Paulo, Brazil, where they were lyophilized or 
dried at 37° and stored in sealed glass tubes. The antivenom serum used 
was also prepared at the same institution. 

As shown by Kunitz (11) and Bain and Rusch (9), the optimum pH 
for RNase activity is about 7.5. Therefore, all the components of the 
test systems were adjusted to pH 7.5, except the venom. The venom was 
not adjusted with alkali, in order to prevent any possible changes in the 
venom proteins. 

RNase Activity of Various Snake Venoms—The venoms employed in 
these studies were venoms from Bothrops jararaca, Bothrops alternata, 
Bothrops atror, Bothrops jararacussu, Bothrops neuwidii, and Crotalus 
terrificus terrificus. In all cases solutions of the venom and RNA sub- 
strate were freshly prepared immediately before experiment. Studies of 
the optimum substrate concentration for one of the venoms, B. jararaca, 
revealed that optimum activity was obtained through a broad range of 
concentrations from 60 to 100 mg. of RNA per 20 mg. of dried venom. 
Higher concentrations tended to inhibit the activity, while with lower 
concentrations the maximum activity was not obtained. Therefore, in all 
the succeeding experiments, 60 mg. of RNA per 20 mg. of dried venom 
were used as the substrate level. 

The venom was weighed and dissolved in 0.15 m sodium chloride. The 
RNA was first suspended in water and dilute sodium hydroxide added 
until pH 7.5 was reached. The final test system was as follows: 1.0 ml. 
of 0.1 mM sodium bicarbonate and 2.0 ml. of RNA solution containing 30 
mg. per ml. pipetted into the main compartment of the Warburg flasks: 
0.5 ml. of the venom solution containing 40 mg. of dried venom per ml. 
in the side arm. After gassing with 95 per cent nitrogen and 5 per cent 
carbon dioxide and a 10 minute equilibration period at 37°, the enzyme 
was tipped into the main compartment cup, the stop-cocks were closed 
after 3 minutes of shaking, and readings of carbon dioxide evolution were 
taken at 10 minute intervals for 2 hours. 

Control flasks containing all the components of the system except the 


RNA solution were included in each experiment in order to measure the ! 


carbon dioxide evolution due to the action of the venom on the buffer. - 


These values were subtracted from the results obtained by the action of 
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TABORDA, TABORDA, WILLIAMS, AND ELVEHJEM 229 
the venom RNase on the RNA substrate. Other control flasks contained 
all components of the system except the enzyme, in order to observe 
whether there was any gas exchange by the substrate. In both types of 
controls the volume of the substances omitted was replaced by distilled 
water. 

Table I shows the data obtained from measurements of the RNase 
activities of B. jararaca, B. alternata, B. atrox, B. jararacussu, B. newwidii, 
and C’. terrificus terrificus venoms. ‘The activities of each of these venoms 
are expressed as microliters of carbon dioxide evolved per hour per mg. 
of dried venom. These figures were obtained by calculating the slopes 
of the curves obtained when the rate of carbon dioxide evolution was 
plotted. The comparison of the RNase activities of these venoms shows 
a very important fact, that the most potent venoms in toxicity, C. ter- 


RNase Activity of Several Snake Venoms 


— 


Snake COs per hr. per mg. dried venom 
ul. 
atror 3.7 
6.6 
4.2 


Crotalus terrificus 


rificus terrificus and B. jararacussu, are also the venoms exhibiting the 


- highest RNase activities. 


Detailed Study of B. jararaca Venom 


Action of Heat on RNase Activity—The well known denaturing effect 
of heat on proteins has been used quite frequently for the inactivation of 
toxins and venoms. Several authors have studied the attenuation by 
heat of the different physiological actions of snake venoms, such as the 
toxicity, blood clotting, proteolysis, hemolysis, ete. (12-15). Taborda 
(16) has reported the effect of temperature upon the toxicity, blood clot- 
ting, and proteolytic activities of B. jararaca venom. 

A solution of venom containing 40 mg. per ml. was prepared and 
aliquots were heated in a water bath until the following respective tem- 


peratures were reached: 50°, 60°, 70°, 80°, 90°, and 100°. Maximum 
coagulation of the venom protein occurred between 60-70°. The RNase 


activity was measured in the whole coagulated venom, in the supernatant 
after centrifuging, and in the precipitate as described above. Fig. 1 sum- 
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marizes the results of a typical experiment of this kind. Only the activity 
of the whole heated venom and its supernatant is recorded, since the 
precipitate was found to be completely inactive. Complete inactivation 
of the RNase activity was observed by heating the venom to 80°, 90°, 
and 100°. Several remarkable differences in the RNase action of the 
whole venom and its supernatant were observed. After about 40 per 
cent inactivation by heating at 50°, a recovery of the original value oc- 
curred at 60°, followed by a sudden and sharp inactivation of 80 per cent 


ut 70°. It should be pointed out that between 60-70° (62-63°) the co- 
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Fic. 1. Effect of heat on RNase activity of B. jararaca venom. Solid line, whole 
heated venom; broken line, supernatant after removing coagulum of whole heated 
venom by centrifugation. 


agulation of a considerable amount of the venom protein began. It may 
have been at this point that the RNase enzyme was inactivated. It 
should be emphasized that the breaks in the curves were not accidentally 
obtained, since they occurred in all experiments of this type of which the 
one depicted in Fig. 1 is typical. 

Action of Anti-Bothropic Serum on B. jararaca RNase—Since the toxic- 
ity of a venom can be neutralized by its antiserum, it appeared important 
to observe whether the antiserum of a venom has any effect on the RNase 
activity of this venom, assuming, of course, that the RNase is connected 
with the toxicity of the venom. In the following experiments the neutral- 
ization effect of the anti-Bothropic serum upon the RNase of the B. 
jararaca (a homologous venom) and C. terrificus terrificus (a heterologous 
venom) venom was studied. 
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The same general method of Bain and Rusch (9) for measuring the 
RNase activity in the other experiments was also employed here except 
that 0.5 ml. of venom (40 mg. per ml.) plus 1.0 ml. of anti-Bothropic 
serum (1 ml. neutralizes the toxicity of 1.5 mg. of B. jararaca venom) was 
placed in the main cup and incubated with closed stoppers for 1 hour at 
37°. Control flasks with 0.5 ml. of venom (40 mg. per ml.) plus 1.0 ml. of 
water instead of serum were treated similarly. Control flasks with venom 
plus normal horse serum were also used for observing whether there was 
any neutralization effect of the non-immune serum. The results indicate 
that the anti-Bothropic serum was able to neutralize 100 per cent of the 
RNase activity of the B. jararaca venom and 83 per cent of the activity 
of the C. terrificus terrificus venom. No effect of the non-immune serum 
was observed. 

Inhibitors and Activators of B. jararaca RNase—The purpose of the 
following experiments was to observe the effect of various substances upon 
the activity of venom RNase and to compare these results with known 
effects upon toxicity as far as possible. The anti-Bothropic serum has 
been shown in a preceding section to neutralize the RNase activity of B. 
jararaca venom completely and of C. terrificus terrificus almost completely. 
The effect on B. jararaca RNase of other known inhibitors of toxicity, 
such as formaldehyde (17-20) and cysteine (21), was also studied. In 
addition various other substances, listed in Table II, known to affect the 
activity of certain enzymes were included in these experiments. Because 
of recent clinical observations that the adrenocorticotropic hormone ap- 
pears to alleviate the toxic effects of some venoms, the effect of adreno- 
corticotropic hormone! and cortisone upon venom RNase activity in 


vitro was studied. 


In order to compare directly the effects of formaldehyde upon tonicity 
and RNase activity of the same venom, solutions of B. jararaca venom 
were incubated for 2 hours at 37° with 40 per cent formaldehyde in the 
same proportions and concentrations as those used in the manometric 
inhibition studies. The incubated material was then used for studying 
the effects of formaldehyde upon the toxicity of the venom by injecting 
it into chickens and measuring the minimum lethal dose.2 10 times the 


! The authors wish to express their gratitude to Dr. David Klein of The Wilson 
Laboratories, Chicago, and to Dr. Karl Folkers of Merck and Company, Rahway, 
for the generous samples of adrenocorticotropic hormone (Corticotropin, Wilson) 


cortisone, respectively. 


1 m.1.d. = 300 7. The venom was injected into the subwing vein of New Hamp- 
shire Red chickens whose average weight was 200 gm. If death occurred in 10 + 1 


‘minutes, 1 m.1.d. had been injected.” The chickens were generously suplied by Mr. 
Philip Derse of the Wisconsin Alumni Research Foundation. 
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ordinary minimum lethal dose could be injected without ill effects, demon- 
strating that the formaldehyde incubation had destroyed toxicity of the 
venom. Table II shows that the RNase activity of the venom was in- 
hibited 90 per cent. 

The same method outlined previously for determining RNase activity 
was employed in these experiments. Table II summarizes the results 
obtained. Formaldehyde, cyanide, cupric ions, and cysteine markedly 
inhibited activity of the enzyme. Manganese and magnesium increased 


Il 
Effect of Various Inhibitors and Activators on RNase Activity of B. jararaca Venom 


Per cent Per cent 


RNase plus Concentration inhibition activation 

Mn** + citrate... + 6 
Mg** + citrate. ..... 0.008 + 0.01 23 
Formaldehyde .... ow 

Sodium fluoride. ... 1.0 30 

Sodium cyanide. 1.0 100 

1.0 

Sodium arsenate. .... 0.1 19 

roe.. 0.1 

Corticotropin, Wilson. __. _ (0.1 ml. per flask) 0 


activity of the enzyme, which was depressed by addition of citrate in 
both eases. Adrenocorticotropic hormone and cortisone had no effect 
upon the RNase activity, although the clinical results showing a possible | 
depression of toxicity by ACTH might very well have been indirect effects. 


DISCUSSION 


The results reported in the preceding experiments indicate the impor- 
tance of the presence of RNase in snake venoms. It is possible that this 
enzyme implements the toxicity of venom by supplementing the hydrolytic 
activity of the proteases, peptidases, lipases, and phosphatases, which 
are also known to be present in snake venoms. It is interesting to note 
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the striking correlation between toxicity and RNase activity. For ex- 
ample, the most toxic venoms studied, C. ferrificus terrificus and B. 
jararacussu, also showed the! highest nuclease activity. Other examples 
of the correlation between RNase activity and toxicity have been demon- 
strated in the investigation of the effects of inhibitors on the RNase ac- 
tivity of the venom. Some of the most striking examples in this respect 
were the inhibition by the antivenom serum, formaldehyde, and cysteine, 
which are known to inhibit toxicity of snake venoms strongly. The en- 
zyme was also completely inhibited by cyanide and cupric ions. 


SUMMARY 


1. A study has been made of the ribonuclease activity of various snake 
venoms, particularly those of the genera Bothrops and Crotalus. 

2. The effects of various physical and chemical agents upon the ribo- 
nuclease activity of Bothrops jararaca venom have been studied in detail. 
The agents inhibiting the enzymes most markedly are heat, anti-Bothropic 
serum, formaldehyde, cysteine, cyanide, and cupric ions. The first four 
are agents known to be able to diminish or even completely neutralize 
the toxicity of snake venoms. 
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STEROIDS DERIVED FROM BILE ACIDS 


XIII. INTRODUCTION OF THE 17-HYDROXYL GROUP IN THE PARTIAL 
SYNTHESIS OF CORTISONE 
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(From the Division of Biochemistry, Mayo Foundation, University of 
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Several methods for the introduction of the 17-hydroxyl group in the 
steroid nucleus have been described (1-5). For the partial synthesis of 
cortisone by a practical method which would obviate the use of osmium 
tetroxide we have developed the procedure which is the subject of this 
paper. At this time the sequence of reactions will be described and sug- 
gestions made as to the mechanism of formation of some of the compounds 
involved. Evidence for the structures assigned to certain compounds will 
be discussed elsewhere. 

The essential intermediate compound, a brominated A'*-pregnene, was 
formed from the starting material, 3a ,21-diacetoxy-11 ,20-diketo-12a-bro- 
mopregnane (A, Fig. 1), by bromination in acetic acid which had been 
treated with acetyl bromide to remove water, and freed of hydrogen bro- 
mide under reduced pressure. A probable mechanism for this bromination 
is shown in Fig. 1. The starting material, A, is first brominated to give 
the 12a ,21-dibromopregnane, B, which was found to be identical with an 
authentic sample of B prepared from A in chloroform with bromine cat- 
alyzed with hydrogen bromide (6). Enolization of B, indicated as C, 
would result in bromination at C-17 (step D). Although D has not been 
isolated, it was prepared in solution by treatment of the corresponding 
17-bromoglyoxal-21-hydrate! (6) with acetyl bromide in acetic acid. Such 
treatment of a glyoxal-21-hydrate has been shown to form the 21-bromo-21- 
acetoxyl group indicated as D (7). After a solution of D had remained 
several days in the presence of hydrogen bromide, an absorption maximum 
at 235 muy indicated the presence of the A'*-bond, and subsequent addition 
of bromine in acetic acid solution gave I. 


* Present address, Oss, The Netherlands. 

1A sentence added at the end of a paper recently published from this laboratory 
(6) stated that the position of the atom of bromine designated 17a was not certain. 
It appeared possible that the bromine could be at C-16. Subsequent work indi- 
cates that the position originally assigned, 17a, is correct. 
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Although this evidence may be interpreted in terms of the steps A, B, C, 
D, and E to I, it has been shown that another sequence is possible. Bro- 
mination at C-17 through the addition of free bromine is not essential, 
since compound B spontaneously rearranges into a A'*-pregnene in the 
absence of bromine. When B is dissolved in acetic acid in the presence of 
acetyl bromide and 0.10 N hydrogen bromide, it slowly undergoes a change 
in structure. This change is associated with a decrease in specific rota- 
tion, the development of a point of maximal absorption in the ultraviolet 


H — 
H-C-Odc H-C-Odc One 
Br Br Br C-OH 
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G F 
AcO aco 


— 
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at about 235 my, loss of bromine from C-21, and appearance of bromide 
ion in the solution. The development of the absorption band in the ultra- 
violet region in the absence of bromine in the solution suggests a sequence 
of steps (Fig. 1) C, F, G to H which involves dissociation of the atom of 
bromine at C-21 (F) with formation of a carbonium ion (F «+ G). Loss 
of a proton from C-16 and ketonization would give the unsaturated ketone 
(H). 

After H had been formed by the rearrangement of B in acetic acid in the 
presence of acetyl bromide but in the absence of bromine, the highly re- 
active position C-15 of H would be brominated by the positive atom of 
bromine at C-21 of a 2nd molecule of B (7). The percentage of the start- 
ing material converted into a derivative of pregnene, the loss of positive 
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bromine at C-21, the amount of bromine organically bound after the re- 
arrangement was completed, and the optical activity of the solution indi- 
cated that the principal products of the reaction were A, H, and the 15- 
bromo derivative of H (%. This was confirmed by separation of the first 
and the last of these compounds from the solution. 

A final possibility is that the carbonium ion G could be stabilized by 
addition of bromide ion and in the presence of bromine be converted into 
D, which could then follow the sequence first mentioned from D to L It 
seems probable that each sequence may represent the course of bromination, 
depending on the experimental conditions. 

The ratio of the concentration of bromine to that of hydrogen bromide 
is of importance. For example when the 17-bromo-21-hydrated glyoxal 
was converted into D in acetic acid in the presence of acetyl bromide, and 
then hydrogen bromide was added, bromine was liberated. The liberation 
of bromine must have resulted in the reduction of the atom of bromine at 
C-17 or C-21. In the presence of hydrogen bromide bromine is retained 
in these positions in D only in the presence of excess bromine, but in the 
presence of bromine it is not possible to show whether the S'bond was 
formed by dehydrobromination of D or through the sequence B, C, F, 
G, H. 

The steps for the conversion of the tribromo-A'*-pregnene (I) into 4,5- 
lihydrocortisone acetate are given in Fig. 2. 

The tribromopregnene (1) was converted to 3a,21-diacetoxy-11 ,20-di- 
“eto-l2a-bromo-A'*-pregnene (II) by reductive removal of the atoms of 
bromine at positions 15 and 21 with excess sodium iodide in acetic acid and 
in the presence of 2 moles of hydrogen chloride. 

Hydrolysis of the acetate groups of IL was carried out at the boiling point 
of a solution of ethanol-water 1:1 which was 0.1 N in respect to hydrochlo- 
ric acid. After 15 hours the aleohol was removed and 3a ,21-dihydroxy- 
11 ,20-diketo-12a-bromo-A'*-pregnene (IID) crystallized from the solution. 
The I6a,17a-epoxy derivative was made by treatment of LIT with hydro- 
gen peroxide and sodium carbonate in aqueous methanolic solution. The 
temperature was maintained at 0° for 5 hours, and 3a ,21-dihydroxy-11 ,20- 
diketo-12a-bromo-I6a ,17a-epoxypregnane (IV) separated after addition of 
water which contained sufficient acetic acid to neutralize the sodium car- 
bonate. Although the A'*-pregnene (III) is converted to the I6a,17a- 
epoxy derivative (IV) in excellent yield under the conditions used, the 
epoxy compound (TV) is highly sensitive to the presence of sodium carbo- 
hate in the absence of an excess of hydrogen peroxide. 

In aqueous methanol in the presence of a small concentration of sodium 
carbonate [IV is changed. Absorption of light at 240 my indicates the 
introduction of a bond a,8 to the ketone at C-20. However, the batho- 
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chromic shift of the absorption maximum from the position of the absorp- 
tion maximum of IIT (235 my) suggests that the rearrangement involves 
more than loss of the atom of oxygen at position 16,17. 

Experience has shown that it was necessary, to remove the atom of 
bromine at C-12 before opening the epoxide with formation of the 16, 17- 
bromohydrin. Moreover, the selective acetylation at C-. 
veniently performed on the debrominated steroid. For these reasons the 


H-C-OAc H-C-OAc 
Cc =0 =0 


N-€-0ne HE “OAc H-C-OAc 
C: 


0, 
VII VIII IX 


next step was debromination and for this purpose hydrogen catalyzed 
with palladium was satisfactory (8). The halogen was rapidly removed 


and 3a ,21-dihydroxy-11 ,20-diketo-16a,17a-epoxypregnane (V) was recov- | 


ered from the solution. 

Selective acetylation at C-21 was achieved by treatment with 1.15 moles | 
of acetic anhydride and excess pyridine at —18°. The product, 3a-hy- 
droxy-21-acetoxy-11 ,20-diketo-l6a,17a-epoxypregnane (VI) was oxidized 
at 0° in a two-phase system of chloroform and aqueous acetic acid with 


chromic acid to give an excellent yield of 3,11 ,20-triketo-2l-acetoxy- | 


16a, 17a-epoxypregnane (VII). 
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The epoxide of VII was opened with hydrogen bromide in a mixture of 
acetic acid and chloroform at —18°. After 16 hours the excess of halogen 
acid and the acetic acid were extracted with water, the chloroform was 
concentrated, and the bromohydrin, 3,11 ,20-triketo-21-acetoxy-17a-hy- 
droxy-1638-bromopregnane (VIII), separated in crystalline form after addi- 
tion of dry ether. 

The atom of bromine at C-16 was removed from the bromohydrin (VIII) 
in aqueous ethanol with hydrogen and palladium. The product, 3,11 ,20- 
triketo-17a-hydroxy-21-acetoxypregnane (IX), melted at 234-235", did not 
depress the melting point of 4,5-dihydrocortisone acetate, and possessed 
an absorption spectrum in the infra-red region identical with that of an 
authentic sample of LX made by another method (2). 

Plattner and his associates (3) and Julian and his associates (4) have 
reported a method for introduction of the 17a-hydroxyl group into an 


_ 11-desoxy-A'*-pregnene, leading to the partial synthesis of 17a-hydroxy- 


11-desoxycorticosterone. Our preparation of the 16a, 17a-oxide of an 11- 
oxygenated pregnene, followed by opening of the oxide ring with hydrogen 
bromide, utilized reactions similar to those described by the previous 
workers. 

By means of the procedure described in this paper a yield of about 45 
per cent of 4,5-dihydrocortisone acetate has been obtained from 3a,21- 
diacetoxy-11 ,20-diketo-12a-bromopregnane (A). Formation of the tri- 
bromo-A'*-pregnene (I) from A gave a yield of 80 per cent. It is probable 
that this yield and that of some of the other steps could be increased by 
further investigation. 


EXPERIMENTAL 


All melting points were taken on a modified Fisher-Johns apparatus and 
are reported as read. All rotations were taken in chloroform at a concen- 


tration of about | per cent unless stated otherwise, and at approximately 
_ 25°. The spectra in the ultraviolet region were taken on a Beckman 


yzed 
oved 


lized 
with 
OXY- 


instrument, model DU, and those in the infra-red region on a Perkin- 
Elmer instrument, model 12-C. We are indebted to Mrs. Peter Dews for 
the determination of the spectra in both regions. All analyses were made 


| by Mr. Joseph Alicino, Metuchen, New Jersey. 


3a ,21-Diacetory-11 ,20-diketo-12a ,15 ,21-tribromo-A"*-pregnene (I, Fig. 1) 


from 3a-Acetory-11 ,20-diketo-12a,17a-dibromo-21 ,21-dihydroxypregnane (6) 


(Precursor of D, Fig. 1)—A yellow solution of the free glyoxal was obtained 
when’ 104 mg. of 3a-acetoxy-11 ,20-diketo-12a, 17a-dibromo-21 ,21-dihy- 
droxypregnane (6) were dissolved in 14.0 ml. of dry acetic acid. The addi- 
tion of 0.50 ml. of acetyl bromide caused immediate decolorization of the 
solution (formation of D). Several minutes after the addition of 0.50 


| 

*COV- 
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ml. of 1.7 N hydrogen bromide in dry acetic acid a small amount of bromine 
was liberated, but the solution became colorless within 48 hours. After 
5 days the solution was taken to dryness under reduced pressure. The 
ultraviolet spectrum of the residue in ether indicated that 58 per cent of the 
starting material was present as an a,8-unsaturated ketone. The position 
of the absorption maximum was 235 my, « = 6350. The ether was re- 
moved under reduced pressure and the residue was treated with 1.5 ml. 
of 0.4 \ bromine in acetic acid and 2 drops of acetyl bromide. After 18 


hours the precipitate which separated was removed by filtration, washed | 


with ether, and dried in air; weight 44 mg. (36 per cent); m.p. 228-230° 
(decomposition). The infra-red spectra of this substance and of I were 
identical. 

Conversion of 3a,21-Diacetory-11 ,20-diketo-1 2a ,21-dibromopregnane (B) 
into 8a ,21-Diacetory-11 (H)—Acetice acid 
(300 ml.) was dried by addition of 5 ml. of acety! bromide and was then 
freed of hydrogen bromide under reduced pressure. In a total volume 
of 200 ml. of this acetic acid, which included 19.5 ml. of 1.01 N bromine 
in anhydrous acetic acid, 5.11 gm. of 3a,21-diacetoxy-11 ,20-diketo-1l2a- 
bromopregnane (A) were brominated with formation of B. 

Aliquot portions of 10 ml. were removed at 24 hour intervals and evapo- 


rated under reduced pressure to near dryness. Air in the flask was dis- | 


placed with carbon dioxide, 4 ml. of acetic acid and 750 mg. of sodium 
iodide were added, and after 15 minutes in the presence of a few ml. of 
chloroform the liberated iodine was titrated with 0.1 N sodium thiosulfate. 


The chloroform solution was washed with water, dried with sodium sul- | 


fate, and made to a volume of 50 ml. Optical activity was observed on 


this solution, and a 1 ml. portion after displacement of the chloroform _ 


| 


Organically bound bromine was determined with 40 ml. of chloroform | 
solution after displacement of the solvent with methanol, which was then ' 
displaced with benzene. Addition of zine dust and acetic acid removed | 
the bromine during 1 hour of mechanical stirring at room temperature. | 


with methanol was used for determination of the absorption spectrum in 
the ultraviolet region at a concentration of 10-* M. 


The zine was removed by filtration and extracted with hot water. The 


benzene-acetic acid was removed under reduced pressure and the residue 


was dissolved in benzene and the water washings of the zine. Bromine’ 
was determined by Volhard’s method. 

The values obtained for each successive 24 hour aliquot were as follows: 
MI. of 0.10 ~ sodium thiosulfate for which the value at zero time would 
be 10.0, 8.4, 7.2, 6.0, 5.0, 4.2, 3.5, 3.0; after 15 days 0.75. Observed po- 
lariscope reading expressed in degrees for 0.5 mM in 50 ml. of chloroform, a_ 
= +0.17, +0.18, +0.16, +0.09, +0.05, —0.02, —0.06; after 15 days: 
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—0.13. Absorption of light in methanol, log Jo/J (Ausx. 236) for a con- 
centration of 10-* m 0.085, 0.202, 0.244, 0.293, 0.338, 0.351, 0.397; after 
12 days 0.680. Organic bromine expressed as ml. of 0.10 ~ silver nitrate 
3.9, 3.9, 4.0, 4.2, 4.2, 4.3, 4.4. The atom of bromine at C-12 would re- 
quire 4 ml.; larger values indicate the extent of bromination at C-15. 

A similar solution was allowed to stand for 18 days. 75 per cent of the 
solution was reduced with sodium iodide, as described for the aliquot 
samples, and the chloroform solution was washed with water, dried with 
sodium sulfate, and concentrated to dryness under reduced pressure. A 
solution of the residue in methanol slowly deposited successive crops of 
crystalline material. Recrystallization from ether of the first material to 
separate vielded 470 mg. of A, which was identified by melting point 
161-163°, specific rotation (+33°), and the spectrum in the infra-red re- 


gion. 
The second crop of crystals from methanolic solution (1.47 gm.) was a 
mixture which contained a large percentage of an a,8-unsaturated ketone. 
The third crop from the methanolic solution when crystallized from ether 
vielded the 15-bromo derivative of H (7). The material melted at 163- 
164°; [a], = — 168°; Awax. 237 mp, e = 10,800. 
Sa ,21-Diacetory-11 ,21-diketo-12a ,15 ,21-tribromo-A'*-pregnene (1) from 


3a,21-Diacetory-11 ,20-diketo-12a-bromopregnane (A)*—Bromination of 


102.2 gm. of A was carried out at room temperature (25-30°) by addition 
of 10.2 ml. (1 mole) of bromine to the steroid in 1200 ml. of acetie acid 
which had previously been treated with 20 ml. of acetyl bromide and then 
freed of hydrogen bromide under reduced pressure. As soon as utilization 
of the bromine was complete, 10.2 ml. more of bromine were added and 
the solution was allowed to stand until again decolorized. This required 
about 30 hours. The addition of a third 10.2 ml. portion of bromine was 
made in 1 ml. inerements during the following 66 hours. After 6 days 
from the first addition of bromine to the steroid the crystalline material 
was removed by filtration. Further crops were obtained by concentra- 
tion of the filtrate. Small additions of acetyl bromide were made after 


ture. each concentration. 


The The vield of [ was 106 gm., m.p. 225-226°. 


Crystallized from chloro- 


sidue form by the addition of ether, it melted at 236-237°; [a], = —61° + 2°; 
mine Ama. 251 my, € = 8700 (ether). 
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Caleulated. C 44.99, H 4.68, Br 35.92 
Found. 45.06, 4.88, * 35.78 


Analysis 


3a ,21-Diacetory-11 (IT) from 3a,21- 


*The preparation of A by ozonization of 3a,21-diacetoxy-I1-keto-l2a-bromo- 
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Diacetoxy-11 ,20-diketo-12a ,15 ,21-tribromo-A"*-pregnene ([)—To a solution 
of 37.54 gm. of I in 398 ml. of chloroform and 285 ml. of glacial acetic 
acid, under carbon dioxide, 67.5 gm. of sodium iodide were added. The 
flask was shaken at intervals for 15 minutes, 10 ml. of concentrated hy- 
drochloric acid were added, and after 1 hour the solution was diluted with 
800 ml. of water which contained 56 gm. of sodium thiosulfate. The 
chloroform solution was washed with water, sodium carbonate solution, 
and water, and was dried with sodium sulfate and evaporated to dryness 
under reduced pressure. The residue was crystallized from methanol. 
Weight, 24.4 gm.; m.p. 164-165°; [a], = +34° + 2°; Amex. = 235 my, 
¢ = 8700 (methanol); Amax. = 231 my, € = 8700 (ether). 


Analysis—C,,Hy0.Br. Calculated, C 58.94, H 6.53; found, C 58.72, H 6.73 
8a ,21-Dihydroxy-11 (IIT) from 3a,21- 


Diacetory-11 ,20-diketo-12a-bromo-A'*-pregnene ([1)—A solution of 90 gm. 


of II in 1800 ml. of 95 per cent ethanol was heated to boiling, and to this 


1800 ml. of hot water and 30 ml. of concentrated aqueous hydrochloric | 


acid were added. The solution was refluxed for 15 hours under an atmos- 
phere of carbon dioxide, cooled to — 18°, and filtered. Concentration of 
the filtrate yielded additional crops. Yield, 69.5 gm.; m.p. 237-240°. 
Crystallized from ethyl acetate the product melted at 246-247°; [a], = 
+33° + 2° (methanol); Awax. 235 my, € = 8600 (methanol), 


Analysis—CyH.,0,Br. Calculated, C 59.30, H 6.87; found, C 59.25, H 6.90 


When crystallized from a mixture of 6 volumes of methanol and 12 
volumes of chloroform, III separated with approximately 1 mole of chloro- 
form of crystallization; €3,; = 7100 (methanol). 


38a ,21- Dihijdroxry-11 (IV) 
from 3a,21-Dihydrory-11 (I11)—Epoxi- 


dation of 46.14 gm. of ILI (solvated with chloroform) was carried out in— 


3300 ml. of methanol and 380 ml. of water maintained at 0° with 310 ml. 
of 30 per cent hydrogen peroxide and 45 ml. of 5 per cent sodium carbonate. 


After 5 hours the solution was diluted with 4 liters of water which con-— 


tained 1.0 ml. of acetic acid. The solution was filtered after an addi-— 
tional 3 hours at 0°. The material weighed 35.8 gm., m.p. 246-248". 
Concentration of the filtrate under reduced pressure gave an additional 
crop of 1.7 gm., m.p. 246-248°. For analysis the product was twice erys-_ 
tallized from aqueous methanol; [a], = —6° + 2°. When placed on the 
block at 240°, the substance began to darken at 245° and melted at 253- 
254° (decomposition). 
Analysis—CaH.,0;Br. Caleulated. C 57.14, H 6.62, Br 18.17 
Found. “ $7.48, “ 6.43, “ 17.87 | 
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Alteration of 3a,21-Dihydroxy-11 ,20-diketo-12a-bromo-16a ,17a-epory- 
pregnane (IV) with Sodium Carbonate in Aqueous Methanol—A solution of 
200 ml. of methanol, 50 ml. of water, and 6.0 ml. of 5 per cent sodium car- 
bonate, in which were dissolved 1.969 gm. of IV, was maintained at 0° for 
6 hours. The solution was diluted with 500 ml. of water which contained 
a few drops of acetic acid and was maintained for an additional 30 minutes 
at 0°. The steroid was extracted with chloroform, and the chloroform 
solution was dried over sodium sulfate and concentrated under reduced 
pressure. The crude residue had Amx. 240 my,¢ = 4400 (methanol). 
Attempts to purify this substance by crystallization were unsuccessful. 
3a ,21-Dihydrozy-11 ,20-diketo-16a,17a-epoxypregnane (V) from 3a,21- 
Dihydroxy-11 (IV)—In a so- 
lution of 1200 ml. of methanol and 120 ml. of water 35.69 gm. of IV were 
reduced with hydrogen passed into the flask in the presence of 70 gm. of 
2 per cent palladium hydroxide on calcium carbonate (8). After 35 min- 
utes of vigorous stirring the catalyst was separated by filtration, the fil- 
trate was concentrated to about 250 ml. under reduced pressure, and, with 
warming, 400 ml. of hot water were slowly added. The solution was 
cooled, and after 3 hours at 5° the material which had separated was re- 
moved by filtration. Weight, 25.76 gm.; m.p. 192-194° (decomposition). 
An additional crop of 1.28 gm. (m.p. 179-183°) was obtained when the fil- 
trate was concentrated under reduced pressure. For analysis the product 
was crystallized several times from acetone-ether and was dried at 100° 
and 0.1 mm. pressure for 2 hours; m.p. 196—197°; [a], = +96° + 2°. 


Analysis—C2H0;. Calculated, C 69.58, H 8.34; found, C 69.70, H 8.44 


S8a-H ydroxry-21-acetory-11 ,20-diketo-16a,17a-eporypregnane (VI) from 
3a ,21-Dihydroxy-11 ,20-diketo-16a ,17a-epoxypregnane (V)—Monoacetyla- 
tion of 4.79 gm. of V was carried out in 12.0 ml. of dry pyridine at — 18° 
by addition of 1.45 ml. of acetic anhydride. After 40 hours at —18° 
chipped ice was added and the insoluble product (5.32 gm.) was separated 
by filtration. For analysis this material was recrystallized from chloro- 
form-ether and dried for 2 hours at 100° and 0.1 mm. of pressure; m.p. 
235-237°; [a], = +99° + 2°. 

Analysis—CuHyO.¢. Calculated, C 68.29, H 7.97; found, C 68.57, H 8.14 

3,11 ,20-Triketo-21-acetory-16a,17a-epoxypregnane (VII) from 3a-Hy- 
droxy-21-acetoxy-11 ,20-diketo-16a,17a-eporypregnane (VI)—A solution of 
6.11 gm. (15.1 mm), of VI, m.p. 235-237°, in 150 ml. of chloroform and 


25 ml. of acetic acid was cooled in an ice bath, and with vigorous stirring 
was treated with 4.0 ml. of 11.1 N aqueous chromium trioxide. After 20 


- minutes 1.69 ml. of 17.9 N sulfuric acid were added. The mixture was 
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stirred 75 minutes longer and diluted with water and chloroform. The 
aqueous layer was extracted with chloroform, and the chloroform solution 
was washed with water, 5 per cent sodium carbonate solution, and with 
water, dried, and concentrated under reduced pressure. The residue was 
crystallized by warming in 300 ml. of ether, which was concentrated to 
about 75 ml. and cooled to —18° for 1.5 hours. The product weighed 
5.09 gm., m.p. 133-134°. An additional 0.45 gm., m.p. 127—130°, was ob- 
tained from the filtrate. Recrystallization several times from acetic acid- 
water raised the melting point to 146—147°; [a], = +113° + 2°. 


Analysis—CoHyO.¢. Calculated, C 68.65, H 7.53; found, C 68.79, H 7.65 
3,11 ,20-Triketo-21-acetoxry-17 a-hydroxy-168-bromopregnane (VIII) from 


3,11 ,20-Triketo-21-acetoxry-16a,17a-epoxypregnane (VII)—A solution of 
22.46 gm. of VII in 450 ml. of dry chloroform was cooled to —18° and 


added to 210 ml. of 0.71 N hydrogen bromide in acetic acid at —18°. After | 


16 hours at — 18° the solution was washed with water, 5 per cent sodium 
bicarbonate solution, and water, and was dried over sodium sulfate. The | 
chloroform solution was concentrated to a small volume (20 ml.) under | 
reduced pressure, and ether (about 200 ml.) was added. The bromohy- | 
drin (24.8 gm.) was separated by filtration and dried in air. The product 


was crystallized from acetone-water, ethyl acetate-petroleum ether, and | 


chloroform-ether-petroleum ether. The melting point was 189-190°; [a] — 
= +51° + 2°. 
Calculated. C 57.14, H 6.46, Br 16.538 
‘ound. ** 57.20, “* 6.68, * 16.67 


4,5-Dihydrocortisone Acetate (1X) from 3,11 ,20-Triketo-21-acetoxy-I7a- 
hydroxy-168-bromopregnane (VIII)—In 2 liters of 95 per cent ethanol 24.6 | 
gm. of VIII, m.p. 180—-182°, were hydrogenated at room temperature and 
atmospheric pressure by shaking with hydrogen and 72 gm. of 2 per cent 


palladium hydroxide on calcium carbonate. The theoretical amount of , 


hydrogen was absorbed in 40 minutes. The catalyst was filtered out and 
washed with 95 per cent ethanol; 99 per cent of the theoretical amount of. 
bromide ion was present in the solution. The ethanol solution was con- 


centrated to a small volume under reduced pressure and diluted with — 
water. The precipitate (14.95 gm.) was recrystallized from hot acetic 
acid-water, m.p. 229-231°. An additional 2.69 gm., m.p. 228-233°, were 


obtained in two crops from the filtrate and 0.24 gm., m.p. 225-227°, was 
obtained from the ethanol-water mother liquor. 


Recrystallization from acetone-ether raised the melting point to 234- 


235°. This was not depressed by admixture with a sample of 4,5-dihy- 
drocortisone acetate; [a], = +84° + 2° (acetone). 
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The absorption spectrum in the infra-red region was identical with that 
of an authentic sample of IX. 


SUMMARY 


A method is described for conversion of 3a ,21-diacetoxy-11 ,20-diketo- 
l2a-bromopregnane into 4,5-dihydrocortisone acetate. The essential in- 
termediate steroid, 3a ,21-diacetoxy-11 
pregnene, was prepared directly from the starting material by bromination 
and spontaneous dehydrobromination. Reductive removal of 2 atoms of 
bromine and hydrolysis of the acetate groups afforded 3a ,21-dihydroxy- 
11 ,20-diketo-12a-bromo-A'*-pregnene. Formation of a 16,17-epoxide, re- 
ductive removal of the 12a-bromo group, monoacetylation at C-21, oxida- 
tion of the 3a-hydroxyl group to a ketone, and cleavage of the epoxide 
with hydrogen bromide gave 3, 11 ,20-triketo-21-acetoxy-17a-hydroxy-168- 
bromopregnane. Reduction of the atom of bromine at C-16 yielded 4 ,5- 
dihydrocortisone acetate. The over-all yield from the starting material 
was about 45 per cent. 


BIBLIOGRAPHY 


1. Reichstein, T., and von Euw, J., Helv. chim. acta, 23, 1258 (1940); 24, 1140 (1941). 

2. Sarett, L. H., J. Am. Chem. Soc., 70, 1454 (1948). 

3. Plattner, P. A., Heusser, H., and Feurer, M., Hele. chim. acta, 31, 2210 (1948). 

4. Julian, P. L., Meyer, E. W., Karpel, W. J., and Waller, I. R., J. Am. Chem. Soc.. 
72, 5145 (1950). 

5. Kritchevsky, T. H., and Gallagher, T. F., J. Am. Chem. Soc., 73, 184 (1951) 

6. Fleisher, G. A., and Kendall, E. C., J. Org. Chem., 16, 573 (1951). 

7. Colton, F. B., and Kendall, E. C., J. Biol. Chem., 194, 247 (1952). 

8. Busch, M., and Stove, H., Ber. chem. Ges., 49, 1063 (1916). 


The 
ution 
with | 
Was 
ed to 
ighed 
is ob- 
acid: | 
from 
m of 
and 
After 
dium 
The | 
under 
nohy- 
oduct 
, and 
lal 

| 
| 24.6 
and 
cent 
nt ol, 
t and 
int ol 


STEROIDS DERIVED FROM BILE ACIDS 
XIV. HALOGEN AND OTHER DERIVATIVES OF A 4'*-PREGNENE 


By FRANK B. COLTON ann EDWARD C. KENDALL 


(From the Division of Biochemistry, Mayo Foundation, University of 
Minnesota, Rochester, Minnesota) 


(Received for publication, August 4, 1951) 


A new method for the introduction of the 17-hydroxy group of 4,5- 
dihydrocortisone acetate has recently been reported from this laboratory 
(1). In this procedure, 3a ,21-diacetoxy-11 ,20-diketo-12a-bromopregnane 
(I) was brominated in the presence of acetic acid, acetyl bromide, and 
hydrogen bromide to give a compound which was designated as 3a ,21-di- 
acetoxy-11 ,20-diketo-12a,15,21-tribromo- A'*-pregnene (IIIA). Evidence 
for this structure is given in the present paper. In connection with this 
investigation several other pregnene and pregnane derivatives were pre- 
pared and their chemistry was investigated. 

The presence of an a,8-unsaturated carbonyl system in [ILA was shown 
by its ultraviolet spectrum. The reductive removal of 2 atoms of bromine 
with sodium iodide and hydrogen chloride in acetic acid gave a 12a-bro- 
mopregnene (V) which also showed the presence of an a,8-unsaturated 
ketone (1). The position of the double bond was indicated by the addition 
of an epoxyl group to the bond. Cleavage of the epoxide with formation 


of a bromohydrin afforded a pregnane derivative which was converted 


into 4,5-dihydrocortisone. Since the hydroxyl group at C-17 was de- 
rived from the epoxide, the double bond must have been in the 16,17 
position. 

The determination of the position and configuration of the 3 atoms of 
bromine in ITLA was much simplified by the relative inertness of the atom 
of bromine at C-12. Treatment with sodium iodide in acetic acid neither 
reduced nor replaced the bromine, and long treatment with sodium bro- 
mide in methanol did not result in epimerization of the atom of bromine 
at C-12. 

The presence of an atom of bromine at C-21 in IIIA was shown by its 
conversion into the hydrated glyoxal (IV) in 80 per cent acetic acid. 
When the glyoxal hydrate was dissolved in acetic acid in the presence of 
acetyl bromide, the tribromide II[A was formed again. The loss of ace- 


_ tyl bromide from IIIA and the addition of acetyl bromide to the glyoxal 
_ structure of [IV appear to involve only position 21. Another indication 


~ 


for the presence of an atom of bromine at C-21 is formation of the tri- 
bromide IIIA when the 12a,21-dibromo compound (IIA) was used as 
247 
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starting material. Moreover, [ILA was separated as the primary product 
of bromination of [ in the preparation of IITA. 

Convincing evidence for an atom of bromine at C-15 would be afforded 
by dehydrobromination to give the A '*-pregnadiene, and to this end at- 
tempts were made to remove the reactive atom of bromine at C-21 and 


obtain the 12a,15-dibromopregnene. Reductive removal of the bromine _ 


at C-21 with sodium iodide in acetic acid was unsatisfactory, since a large 
part of the bromine at C-15 was substituted with iodine; however, treat- 
ment of [ITA in acetic acid with an excess of sodium iodide in the pres- 
ence of 2 equivalents of hydrogen chloride for each mole of steroid removed 
2 atoms of bromine and afforded the 12a-bromo-A'*-pregnene (V). Bro- 
mination of V with N-bromosuccinimide gave an 83 per cent yield of a 
dibromopregnene (VIA) and, as C-15 would be the most reactive position 
with the brominating agent used, the structure was formulated as 3a,21- 
diacetoxy-11 ,20-diketo-12 a, 15-dibromo-A'*-pregnene. Thus, N-bromo- 
succinimide introduced an atom of bromine of C-15 with the same con- 
figuration as in the tribromo-A'*®-pregnene (IIIA), since treatment of VIA 
in acetic acid with bromine gave IITA. 

The 15-bromo derivative (VIA) was converted into the 15-iodo com- 
pound (VII) in an acetone solution of sodium iodide. When the 15-bromo 
(VIA) and 15-iodo (VII) compounds became available, it was possible 
to determine whether an atom of halogen, presumably at C-15, would 
be removed through dehydrohalogenation and give a A™'*-dienone. It 
was found that in acetic acid silver acetate removed halogen acid slowly 
from VIA and rapidly from VII to give in each case a mixture of the di- 
enone (VIII) and the 15-acetoxy derivative (IX) in the ratio of about 
2:1. When the atom of iodine in VII was removed with silver oxide in 
aqueous ether, the A'-'*-pregnadiene (VIII) was obtained in about the 
same yield as with silver acetate, but another compound, which contained 
an a,8-unsaturated grouping and appeared to be the 15-hydroxy]l deriva- 
tive, was also formed. This was not isolated in crystalline form. The 
formation of the dienone leaves little doubt that in IITA, VIA, and VII 
an atom of halogen occupied position 15 in the steroid nucleus. 

The formation of IILA from [ results in the introduction of two asym- 
metric centers at positions 21 and 15. It was recently shown by Fleisher 
and Kendall (2) that two epimeric 21-bromo compounds are formed by 
the monobromination of I in chloroform in the presence of hydrogen bro- 
mide. ‘Two tribromides, IITA and IIIB, which are interconvertible have 
also been prepared. During the bromination of [ in acetic acid IITA 
separated from solution because of its slight solubility, but IITB was not 
observed. However, when IITA was dissolved in acetic acid in the pres- 
ence of acetyl bromide and 0.1 ~N hydrogen bromide, the specific rotation 
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changed from —61° to —129°. From the solution it was possible to iso- 
late starting material (I[[A) in about a 50 per cent yield and a second 
product (IIIB) which separated with 0.5 molecule of ether of crystalli- 
zation from ether-petroleum ether. The specific rotation of IITB was 

H-¢-OAc 
| br 
| 111A 
AcO AcO 111 
Br 
v vIA 
VIB 
H 
H-C-OAc H-C-OAc 
Br 220 
0. oO. 
VIII 1X 
H 
H-C-Oae 
0. 
| x11 


—206°. When [ITB was dissolved in acetic acid 0.10 N with respect to 
hydrogen bromide, crystalline IITA separated. The high insolubility of 
[ILA provided a means of separation of the two epimeric compounds and, 
as IILA crystallized from solution, the inversion at C-21 continued until 
81 per cent of IITB was converted to IILA. The specific rotation of a solu- 
tion of IITA and [ITB at equilibrium indicated an approximately 1:1 mix- 
ture of the two forms. At equilibrium the ratio of the corresponding 21- 
bromo derivatives ILA and [IIB is 2:1 (2). 
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That the tribromides (IITA and IIIB) are epimeric at C-21 rather than 
at C-15 was shown by the conversion of both compounds in 80 per cent 
acetic acid into the same hydrated 15-bromo glyoxal (IV). This indi- 
cated that during the conversion of IITA into [IIB the configuration at C- 
15 remained unchanged and that only the asymmetric center at C-21 was 
involved. In addition 3a,21-diacetoxy-11 ,20-diketo-12a, 15-dibromo-A"- 
pregnene (VIA), which is free of halogen at C-21, remained unaltered 
when it was dissolved in acetic acid in the presence of 0.10 N hydrogen 
bromide. 

Although there was no inversion of the bromine at C-15 under the con- 
ditions which have been described, a change of configuration did occur 
when VIA was dissolved in methanol in the presence of 10 per cent sodium 
bromide. The specific rotation slowly became more positive and reached 
a constant value in 10 days. The extinction coefficient (Table I), after 
treatment with sodium bromide in methanol, showed that no appreciable 
change had occurred at the unsaturated ketone grouping. Since 3a,21- 
diacetoxy-11 ,20-diketo-12a-bromo-A'*-pregnene (V) remained unaltered 
when dissolved in methanol in the presence of 10 per cent sodium bromide, 
the change of rotation which occurred when VIA was dissolved in metha- 
nol in the presence of sodium bromide indicated that inversion of config- 
uration of the halogen atom had occurred only at C-15. After removal 
of unchanged VIA from the solution it was possible to separate the epimeric 
15-bromo derivative VIB in crystalline form (Table I). 

When a methanolic solution of VIB, which also contained 10 per cent 


of sodium bromide, was allowed to stand at room temperature, the specific | 


rotation became more negative. This indicated epimerization of VIB into 
VIA to approximately the same ratio of the two compounds attained by 
the conversion of VIA into VIB. 

Although it is possible that two iodo compounds epimeric at C-15 were 
formed when VIA was converted into VIT by treatment with sodium iodide, 
only one isomer was isolated. Liberation of iodine and decomposition of 
the iodo compound complicated the attempt to bring about epimerization 
at C-15 in VII. 


An interesting reaction by which VIA can be prepared is by bromination | hyd 


of V at C-15 by the positive atom of bromine at C-21 of IITA. When v 


Furt 


adds 


rivat 


bond 


and an equal molar quantity of [ILA were dissolved in a mixture of chloro- eho, 


form and acetic acid 0.10 N in respect to hydrogen bromide, both IITA 


Bi 


and V were converted into VIA. This reaction involved loss of bromine  affor 

A comparison between the unsaturated ketone which involves the D in th 
ring C-16,17,20 and the same grouping in the A ring at C-3,4,5 indi- | 


from C-21 of LITA and substitution of V with bromine at C-15. 


cates that the double bond of the former is much more receptive toward 
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han | ethanol than is the latter (3). It might be anticipated that in the pres- 

ence of hydrogen bromide and bromine addition of these reagents to the 

C. 4'* bond would prevent preparation of such a compound as IIIA; however, 

said bromination of I to give the A'*-tribromide IIIA can be achieved with a 
yield of more than 80 per cent. 

The solvent exerts a strong effect on the course of the bromination. 
Although an excellent yield of II can be obtained by the bromination of 
=" | T in chloroform in the presence of hydrogen bromide, further bromination 
proceeds with difficulty and little or no a,6-unsaturated ketone is formed. 


cur TaBLeE I 
um Physical Constants of This Series of Steroids 
Compound M.p. 
ble 
21- 
degrees mu 
ms I 165 +34 
de, IIA 187 +131 
ha- IIB 148 —94 
fig- IIIA 237 —61 251 8,700 
wal 111B 222 — 206 251 8,600 
IV —175 241 10,500 
V 167 +34 231 9,000 
VIA 168 —169 235 11,000 
ent VIB 131 +97 235 9,800 
ific VII 175 —274 243 13,000 
-~ VIII 147 +280 305 9,000 
by Ix 228 +100 229 9,800 
x 157 
xI 207 +92 
ere xl 132 +127 


de, 


of | Furthermore, it has been shown that the A'* double bond of V readily 
os , adds hydrogen bromide in chloroform solution to form the 16-bromo de- 
| rivative, X. However, when placed in acetic acid which was 0.10 N with 
lon hydrogen bromide, X rapidly lost hydrogen bromide and the A'* double 
V bond was reestablished to give V. The 15-bromo-A'* compound, VIA, in 
ro- chloroform did not add hydrogen bromide. 
I | Bromination of X in chloroform with hydrogen bromide as catalyst 
in€ afforded the 21-bromo derivative, XI. As with II and III, two stereo- 
_ isomeric 21-bromo derivatives appeared to have been formed. However, 
/ in this instance only the least soluble product was isolated as a pure com- 
di- pound. The other isomer, which presumably was epimeric at C-21, was 
ird | also separated in crystalline form, but because of the difficulty of purifica- 
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tion not enough material was available for the preparation of an analytic 
sample. 

Table | summarizes the physical constants of this series of compounds, 
The following correlations can be made. An asymmetric center at C-2] 
has a marked influence on the specific rotation of the A'*-pregnenes. _Bro- 
mination of VIA to give IIIA and IIIB causes a change in the specific 
rotation from — 169° to — 61° and —206° respectively. 

Substitution of the 15 position brings about an increasing effect as hy- 
drogen in V is replaced with bromine to give VIA and with iodine to give 
VII. The specific rotations are +34°, —169°, and —274°. 

Comparison of the specific rotations of I and V shows that introduction 
of the A'® bond in this series of pregnene derivatives exerts but little influ- 
ence on the specific rotation. 

After bromination of the A'*-pregnene either with bromine or with bro- 
mosuccinimide only one of the two possible forms epimeric at C-15 has been 
isolated. In addition only one 15-iodo compound (VII) and only one 16- 
bromo-substituted derivative (X) have been prepared. In all of these 
halogenated steroids the rotation has been negative. The two positively 
rotating compounds are VIB, epimeric with VIA, and the 15-acetoxy de- 
rivative. 

Bromine at C-21 adjacent to the A'*-20-keto chromophore exerts a 
bathochromic effect on the absorption maximum. ‘The absorption maxi- 
mum of compound VIA and that of [IITA differ by 16 my. 

Halogen at C-15 also exerts a significant influence on the point of maxi- 


mal absorption. ‘The values for V, VIA, and VII are 231, 235, and 243 } 


my respectively. 

The absorption maximum of the diene VIII (305 my in ether; 310 mg 
in alcohol) is about 15 my greater than has been calculated for a diene 
ketone (296 my in alcohol) (4), but is in keeping with the value reported 
for a diene ketone in the D ring (5). 

Substitution of C-21 with bromine has but little influence on the molar 
extinction coefficient, but halogen at C-15 increases the extinction co- 
efficient. For V, VIA, and VII the values are 9,000, 11,000, and 13,000 
respectively. 

With the 12a,16-dibromopregnane (X) made by addition of hydrogen 
bromide to the A'*-steroid V dissolved in chloroform it seems probable | 


that the addition of hydrogen bromide proceeds through a 1,4 mechanism. | | To : 
Because of the marked stereospecificity of addition reactions at C-11, | hens 


('-12, and C-17 (6), which results in the orientation of the entering group 
in the @ configuration, it would be expected that in the formation of X- 
from V the bromide ion would attack C-16 from the least hindered side 
and would have the @ configuration. 

Although other examples of pregnene derivatives with halogen at C- a8 
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vtie | are not known to us, it is also probable that a similar directing force exerts 
an influence at C-15 and that the entering bromine or iodine atom also 
nds. | is in the a configuration. In keeping with this conclusion the three halo 
*-21] compounds VIA, VII, and X have negative rotations, and the epimer of 
Bro- } VIA, that is VIB, which probably has the @ configuration, has a positive 
cific | rotation. The data are insufficient to assign a configuration to the acetoxy 
group at C-15 in LX. 

hy- Because of the stability of the 8 orientation of the side chain in 20-keto- 
vive | steroids it would be expected that the 16-bromo derivative X would have 
the side chain in the 8 configuration. The reduction of the atom of bro- 
tion } mine at C-16 of X with hydrogen in aqueous methanol in the presence of 
flu- | palladium hydroxide-calcium carbonate gave (7) 3a,21-diacetoxy-11 ,20- 
diketopregnane (XII). The side chain of XII is known to be oriented in 
bro- | the 8 configuration (8-10). Similar observations have been reported by 
een | Fukushima and Gallagher (3) and by Djerassi and associates (8) on the 
16- | alkali-catalyzed addition of alcohols to A'*-20-ketosteroids. 


EXPERIMENTAL 


de- All melting points were taken on a modified Fisher-Johns apparatus. 
All rotations were taken in chloroform at a concentration of about 1 per 
* 4) cent. The spectra in the ultraviolet region were taken on a Beckman 
4XI- | instrument, model DU, and those in the infra-red region on a Perkin- 
_ | Elmer instrument, model 12-C. We are indebted to Mrs. Peter Dews for 
mon | the determination of the spectra in both regions. All analyses were made 
243 by Mr. Joseph Alicino, Metuchen, New Jersey. 
3a ,21-Diacetory-11 ,20-diketo-12a,21-dibromopregnane (11 A) from 3a ,21- 
Mt Diacetoxry-11 ,20-diketo-12a-bromopregnane (I) (1)—In the preparation of 
ene IILA from I, if the solution is allowed to stand at room temperature after 
ted the addition of the first mole of bromine, crystals separate after about 1 
| hour. 
oar | The material melted at 185-187° ({a], = +131° + 2°) and was shown 
to be identical with an authentic sample of IIA. 
DOO 3a ,21-Diacetory-11 , 20-diketo-12a ,15 , 21-tribromo-A'*-pregnene (IITA) 
from 3a ,21-Diacetory-11 ,20-diketo-12a-bromopregnane (I1)—The prepara- 
Be" | tion of IILA from I has been described (1). 
IITA from 8a,21-Diacetoxy-11 (V)— 
v5 To a solution of 509 mg. of V in 1.0 ml. of acetic acid 3 drops of acetyl 
bromide and 4.0 ml. of 1.22 ~ bromine in acetic acid were added. Crystals 
mp _ began to separate after about 24 hours. After 6 days the solution was 
"filtered and the residue was dried in air; weight, 477 mg. (71 per cent); 
m.p. 221-222° (decomposition). The infra-red spectrum of this material 
was identical with that of an authentic sample of IITA. 


-15 
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IIIA from 3a ,21-Diacetory-11 , 20-diketo-12a , 15-dibromo-A"*- pregnene 
(VIA)—Bromination of 785 mg. of VIA in 1.0 ml. of dry acetic acid and 
0.2 ml. of acetyl bromide with 1.9 ml. of 1.45 N bromine in dry acetic acid 
afforded 828 mg. of product, which was removed after 18 hours by filtra- 
tion and washed with ether. When crystallized from a chloroform-ether 
solution, the compound had [a], = —62° + 2° and was identical with 
IIIA. The yield was 75 per cent. 

IIIA from 3a-Acetory-21 ,21-dihydroxy-11 ,20-diketo-12a ,15-dibromo-A"*- 
pregnene (IV)—A solution of 210 mg. of [V in 0.5 ml. of acetic acid and 0.5 
ml. of acetyl bromide was allowed to stand for 20 hours. The solution was 
filtered, and the residue was washed with ether and dried in air. The 
infra-red spectrum of this material (150 mg., m.p. 222-224°, [a], = —66° 
+ 2°) was identical with that of an authentic sample of IIIA. 

IIIA from [11 B—The tribromide [ITB (667 mg.) was dissolved at room 
temperature in 5.0 ml. of acetic acid which contained 1.0 ml. of acety| 
bromide. Material which began to separate from the solution after a 
short time was removed by filtration after 2 days; m.p. 228-230°. Crys- 
tallization from chloroform-ether afforded a product, [a], = —61° + 2°, 
which gave a spectrum identical with that of IITA. The yield was 81 per 
cent. 

8a ,21-Diacetory-11 , 20-diketo-12a ,15 ,21-tribromo-A"*- pregnene (111 B) 
from 3a ,21-Diacetory-11 ,20-diketo-12a ,15 ,21-tribromo-A'*-pregnene (IITA) 
—To a solution of 1.119 gm. of IITA in 15 ml. of dry chloroform were 
added 30 ml. of dry acetic acid, 3.0 ml. of 1.7 N hydrogen bromide in acetic 
acid, and 0.5 ml. of acetyl bromide, and the volume was made to 50 ml. 
with dry acetic acid. The initial rotation of the solution, —63°, became 
more negative with time, and after 4 hours [a], = —129°. No further 


change was observed, and after 17 hours the solution was taken to dryness. 


under reduced pressure. Starting material IITA (555 mg.) separated on 
the addition of ether and was removed by filtration. 

The filtrate was evaporated to dryness under reduced pressure and the 
residue was crystallized from ether (2.0 ml.) and petroleum ether (50 ml.). 
The product separated with ether of crystallization; weight, 428 mg.; 
[a], = —197° + 2°. The ether was driven off when the crystals were 
heated at 100° and 0.1 mm. for 3 hours; however, the compound did not 
appear to be stable under these conditions. For solvent-free crystals 
[a], = —206° + 2°. When placed on the block at 170°, the solvent-free 


sample melted at 180-182°, resolidified, and melted at 217—220° (decom-: 


position); Amax. 251 my, ¢ = 8600 (ether). For analysis the substance was 
dried at 65° for 1 hour. 


Analysis—C2Hx0¢Br3-3C,H,00. Calculated. C 46.02, H 5.15, Br 34.04 
Found. ** 45.98, “* 5.52, “ 33.54 
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3a-Acetory-21 , 21-dihydroxy-11 , 20-diketo-12a , 15-dibromo-A'*- pregnene 
(IV) from 3a,21-Diacetory-11 ,20-diketo-12a,15 ,21-tribromo-A'*-pregnene 
(1ITA)—A flask which contained 667 mg. of IIIA and 50 ml. of 80 per 
cent aqueous acetic acid was maintained at 65° for 48 hours. The solu- 
tion was extracted with chloroform and the chloroform solution was washed 
with water, 5 per cent sodium bicarbonate solution, and water and was 
dried over sodium sulfate. Titration indicated the presence of 1 equivalent 
of halide ion in the aqueous phase (Volhard). 

The organic phase was evaporated to dryness under reduced pressure 
and the residue, freed from traces of chloroform, was crystallized from an 
acetic acid-water solution. Several crystallizations from aqueous acetic 
acid gave a product with [a], = —175° + 2°, Awax. 241 my, € = 10,500 
(ether). 


Analysis—C2,H390.Br:-}H:O. Calculated. C 48.36, H 5.47, Br 27.98 
Found. ** 48.53, “ 5.51, “ 27.98 


IV from I[ITB—The glyoxal hydrate obtained when IIIB was the start- 
ing material was shown to be identical with IV by the absorption spectrum 
in the infra-red region. 

Sa ,21-Diacetoxry-11 ,20-diketo-12a-bromo-A'*-pregnene (V) from 3a ,21-Di- 
acetory-11 , 20-diketo-12a ,15 , 21-tribromo-A'*- pregnene (I1I1A)—This has 
been described (1). The preparation of V from IIIB is carried out by the 
same procedure as that of V from IIIA. 

V from 3a,21-Diacetory-11 ,20-dilketo-12a ,16-dibromopregnane (X)—The 
specific rotation of 100.8 mg. of X in 10.0 ml. of acetic acid 0.17 N with 
respect to hydrogen bromide at room temperature became constant in 40 
minutes at a value of +43°. Ether was added, and the organic phase 


_was washed with 5 per cent sodium bicarbonate solution and water and 


dried over sodium sulfate. The ultraviolet absorption spectrum of the 
ether solution indicated that dehydrohalogenation was practically com- 
plete. The ether was removed under reduced pressure and the residue was 
crystallized from ether-petroleum ether; m.p. 163-164°. The infra-red 


-| spectrum of this product was identical with that of an authentic sample 
of V. 


3a ,21-Diacetory-11 , 20-diketo- 12a , 15-dibromo-A'*- pregnene (VIA) from 
8a ,21-Diacetory-11 ,20-diketo-12a-bromo-A'*-pregnene (V)—To a solution of 
10.18 gm. (20.0 mm) of V in 375 ml. of dry carbon tetrachloride were added 
3.60 gm. (20.1 mm) of N-bromosuccinimide. The solution was heated to 
the boiling point under a reflux condenser and illuminated for 35 minutes 
with a 200 watt bulb. The flask was cooled to 0° and the succinimide was 
separated by filtration. The filtrate, washed with water and dried over 
sodium sulfate, was concentrated under reduced pressure and the residue 
was crystallized from methanol. Concentration of the solvent yielded an 
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additional crop of material and more was obtained by addition of water 
to the mother liquor, which was cooled to 0°. The total yield was 9.79 
gm. (83 per cent). After crystallization from ether-petroleum ether the 
melting point was 167.5-168.5°, [a], = —169° + 2°; Amax, 237 my, € = 
11,000 (methanol); Amax. 235 mu,e = 11,000 (ether). 


Calculated. C 51.03, H 5.48, Br 27.16 
Found. ** $1.20, 5.64, “* 27.10 


VIA from 3a,21-Diacetoxy-11 ,20-diketo-12a-bromo-A'*-pregnene (V) and 
3a ,21-Diacetoxry-11 , 20-diketo-12a ,15 ,21-tribromo-A'*-pregnene (I11A)—| 
mM (509 mg.) of V and | mm (667 mg.) of IIIA in 10 ml. of chloroform, 84 
ml. of dry acetic acid, 6.0 ml. of 1.7 ~ hydrogen bromide in acetic acid, 
and 0.5 ml. of acetyl bromide were allowed to stand at room temperature 
for 11 days. The solvents were removed under reduced pressure and the 
residue, in 150 ml. of dry ether, was treated with activated carbon. The 
ether was removed under reduced pressure and the residue was crystal- 
lized from ether-petroleum ether; weight, 711 mg. (60 per cent); m-.p. 
156-158°; [a], = —163° + 2°; Amex. = 235 my, « = 10,900 (ether). 

The infra-red spectrum of this substance was identical with that of VIA 
prepared from V with N-bromosuccinimide. 

VIA from 3a,21-Diacetory-11 ,20-diketo-12a ,15 ,21-tribromo-A'*-pregnene 
(111A)—A solution of 667 mg. of [LILA in 8.0 ml. of chloroform, 8.0 ml. of 
acetone, and 0.4 ml. of acetic acid was shaken for 15 minutes with 600 mg. 
of sodium iodide in an atmosphere of carbon dioxide. Titration indicated 
87 per cent of | molar equivalent of iodine. Water and chloroform were 
added, and the chloroform solution was dried over sodium sulfate and 
concentrated to dryness under reduced pressure. The residue was crys- 
tallized from methanol; weight, 274 mg.; m.p. 162-164°. The rotation 
and iodine analysis of this substance indicated that this material contained 
60 per cent of VIA and 40 per cent of VIT. 

V/B from VIA—A solution of 3.24 gm. of VIA and 30.0 gm. of sodium 
bromide in 250 ml. of methanol was allowed to stand for 10 days at room 
temperature. The specific rotation was —80°. Ether was added and the 
ether phase was washed with water and dried over sodium sulfate. The 
ultraviolet spectrum of an aliquot of the foregoing solution indicated that 
the a,8-unsaturated carbonyl system remained unchanged. The ether 
was removed under reduced pressure and the residue was crystallized from . 


ether-petroleum ether. The first crop of crystals (1.72 gm.) was starting 
material. The filtrate was taken to dryness under reduced pressure and 
the residue was crystallized from methanol (10 ml.). A second crop of | 
320 mg. of starting material was obtained. When the methanolic filtrate 


was allowed to stand, a erystalline material (297 mg.) separated. Crys- 


tall 
mel 
Th 
mil 
an 
| te 
| whi 
of : 
riu 
Ja, 
| tion 
| for! 
for 
soli 
thic 

| to 
fro 
173 
we 
} eth 
€ 
| 
h ack 
mit 
(14 
wa 
red 
eth 
wh 
Ja 
| sily 
mit 


— 


F. B. COLTON AND E. ©. KENDALL 257 


tallization from ether-petroleum ether and from methanol gave a product 
melting at 129-131°, [a], = +97° + 2°, Amax. = 235 mp, « = 9800 (ether). 
The sample for analysis was dried at 65° and 0.1 mm. of pressure for 90 
minutes. 


Analysis—C:,;Hy,O<Br:. Calculated. C 51.03, H 5.48, Br 27.16 
Found. $1.06, 5.77, 27.11 


VIA from V1B—The specific rotation of a solution of 43.1 mg. of VIB 
and 300 mg. of sodium bromide in 3.0 ml. of methanol, after 8 days at room 
temperature, was —72°. This is approximately the same specific rotation 
which was obtained when VIA was equilibrated in methanol in the presence 
of sodium bromide. It can be assumed, therefore, that the same equilib- 
rium mixture is obtained from both isomeric 15-bromo compounds. 

3a,21-Diacetory-11 ,20-diketo-12a-bromo-15-iodo-A'*-pregnene (VII) from 
3a ,21-Diacetory-11 ,20-diketo-12a ,15-dibromo-A'*-pregnene (VIA)—A solu- 
tion of 250 mg. of VIA in 10.0 ml. of acetone and 15 ml. of dry chloro- 
form, to which 1.2 gm. of sodium iodide were added, was allowed to stand 
for 18 hours in the dark. More chloroform was added, and the chloroform 
solution was washed with water which contained a few drops of sodium 
thiosulfate, again with water, was dried over sodium sulfate, and reduced 
to a small volume under reduced pressure. Crystallization of the residue 
from ether-petroleum ether gave 154 mg. of the 15-iodo compound, m.p. 
173-175°. The filtrate was taken to dryness and from the residue 38 mg. 
were crystallized from aqueous acetic acid and then from ether-petroleum 
ether. Total yield, 71 per cent; [a], = —274° + 2°; Amex. = 243 mu, 
¢ = 13,000 (ether). 


Analysis—C,,Hy,0,BrlI. Calculated, C 47.26, H 5.08; found, C 46.98, H 5.14 


VII from 3a ,21-Diacetory-11 ,20-diketo-12a ,15 ,21-tribromo-A'*-pregnene 
(117A)—In an atmosphere of carbon dioxide 45 gm. of sodium iodide were 
added to a solution of 20.01 gm. of ILIA in 210 ml. of chloroform and 150 
ml. of anhydrous acetic acid. After the solution had been shaken for 15 
minutes, the iodine was reduced with a solution of sodium thiosulfate 
(14.8 gm.) in 600 ml. of water, and the chloroform phase was washed with 
water and dried over sodium sulfate. The chloroform was removed under 
reduced pressure and the residue was crystallized from ether-petroleum 
ether; weight, 8.25 gm. The melting point, 173-174°, was not depressed 
when the material was mixed with a sample of VII. [a], = —274° + 2°. 

3a ,21-Diacetory-11 , 20-diketo-12a-bromo-A“: '*-preqnadiene from 


Ba , 21 -Diacetory-11 , pregnene (VIT)—A 
flask which contained 3.214 gm. of VIL, 75 ml. of acetic acid, 1.6 gm. of 


silver acetate, and 20 ml. of glass beads was rotated for 15 hours. Deter- 
mination of silver iodide indicated complete removal of organic iodine. 
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The insoluble material was removed by filtration. The acetic acid was 
removed under reduced pressure and the residue was dissolved in ether. 
The ether solution was washed with 5 per cent sodium bicarbonate solution 
and with water and was dried over sodium sulfate.. The absorption at 
229 my and at 305 my in the ultraviolet spectrum of the ether solution 
indicated the formation of 37 per cent of the triacetoxy compound and 63 
per cent of the dienone. Separation of these two compounds by crystal- 
lization was difficult. The mixture was chromatographed on a column of 
1:1 magnesium silicate and infusorial earth. Petroleum ether eluted the 
triacetate (IX), which was substantially free of the dienone as shown by 
its ultraviolet spectrum. The purification of the triacetate is given in the 
preparation of [X from VII. 

After elution of the triacetate the dienone (VIII) was eluted with ben- 
zene-petroleum ether. This product still contained some of the triacetate, 
as indicated by its ultraviolet absorption spectrum. Several crystalliza- 
tions from ether-petroleum ether yielded a product which was practically 
free of the triacetate; m.p. 146—-147°; [a], = +280° + 2°; Amx. = 305 
my, = 9000 (ether). 


Analysis—C,,Hy,O<Br. Calculated, C 59.17, H 6.16; found, C 59.01, H 6.52 


VIII from VII with Silver Oxide—A sealed tube which contained 6.35 
gm. of VII, 3.784 gm. of silver oxide, 110 ml. of ether, 15 ml. of water, and 
15 ml. of glass beads was rotated for 40 hours. The insoluble material 
was removed by filtration and the ether filtrate was dried over sodium 
sulfate. The ultraviolet absorption spectrum of the ether solution indi- 
cated that about 70 per cent of VIII was present. The ether was removed 
under reduced pressure and the dienone was separated from the residue 
by chromatography on a column of 1:1 infusorial earth and magnesium 
silicate with benzene-ether as the eluent. 

Sa ,15 ,21-Triacetory-11 (IX) from 
8a ,21-Diacetory-11 , preqnene (VI1)—The 
crude product eluted from the chromatographic column, as described in the 
preparation of VIII from VII, after crystallization from ether-petroleum 
ether melted at 226-228°; [a], = +100° + 2°; Amex. = 229 mu, « = 9800 
(ether). 


Analysis—CzH;,0;Br. Calculated. C 57.14, H 6.22, CH;CO 22.75 
Found. “ 


8a ,21-Diacetory-11 ,20-diketo-12a,16-dibromopregnane (X) from 3a,21- 


Diacetory-11 ,20-diketo-12a-bromo-A"'*-pregnene (V)—Dry hydrogen bromide 
was passed for 6 minutes over the surface of a solution of 7.64 gm. of V in 
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150 ml. of dry chloroform at 0°. After 18 hours at 0° the solvent was re- 
Was} moved under reduced pressure and the residue was crystallized from ether- 

ther. petroleum ether to give 4.6 gm. of material. Concentration of the filtrate 

aa gave two additional crops of 940 mg. and 1.07 gm. Total yield, 75 per 
cent. 

tion] Crystallization from aqueous methanol gave a product which melted at 

163] 156-157°, [a], = —24° + 2°. 


n of Analysis—C:,H,O.Br:. Caleulated, C 50.85, H 5.80; found, C 51.01, H 5.83 


the 3a ,21-Diacetory-11 , 20-diketo-12a ,16 ,21-tribromopregnane (XI) from 

i by | 3a,21-Diacetory-11 ,20-diketo-12a,16-dibromopregnane (X)—A solution of 
the | 1.688 gm. of X in 100 ml. of dry chloroform was cooled to 0°. Hydrogen 
bromide was passed over the surface of the solution for 6 minutes and 2.9 
en- | mi. of 1.09 N bromine in chloroform were added. After 18 hours at 0° 
ate, | the chloroform solution was evaporated under reduced pressure, and the 
iza- | residue was dissolved in ether and treated with activated carbon. The 
ally | ether was removed under reduced pressure and the residue was crystallized 
305 | from ether-petroleum ether. The ultraviolet absorption spectrum of this 
material indicated the absence of the a,8-unsaturated carbonyl system. 
Several crystallizations from ether-petroleum ether and finally from chloro- 
form-ether gave 150 mg. of a product which melted at 205-207°, [a], = 
+92° + 2°. 


and Analysis—C.2;H,,0.Br3. Calculated. C 44.85, H 4.97, Br 35.82 


rial Found. “44.96, “5.12, “ 35.55 
a. | The filtrate from which XI had been separated was evaporated under 
wad reduced pressure. Crystallization of the residue yielded 499 mg. of ma- 
Se terial, which after about ten crystallizations from ether-petroleum ether 
um | Svea product which melted at 142-146°, [a], = —68° + 2°. This mate- 
rial, which was presumably the 21-epimeric form of XI, was not analyzed. 
3a ,21-Diacetory-11 ,20-diketopreqnane (XII) from 3a , 21 -Diacetory- 
he | 2! ,20-diketo-1 2a ,16-dibromopregnane (X)—Debromination of 192 mg. of X 
the | in 20 ml. of methanol was carried out with hydrogen in the presence of 
nm | 500 mg. of palladium hydroxide (2 per cent) on calcium carbonate. After 
200 80 minutes the catalyst was separated by filtration, chloroform and water 


were added to the filtrate, and the chloroform solution was washed with 
, Water and dried over sodium sulfate. The water washings contained the 
- theoretical amount of halide ion. The chloroform was removed under 
reduced pressure and the residue was crystallized from acetone-petroleum 
| ether; weight, 74mg. The melting point, rotation, and infra-red spectrum 
71 - of this substance were shown to be identical with these constants of an 
ide | authentic sample of XI. 
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SUMMARY 


Bromination of 3a,21-diacetoxy-11 ,20-diketo-l2a-bromopregnane 
forded two 3a,21-diacetoxy-11 ,20-diketo-12a, 15 ,21-tribromo-A'*-preg- 
nenes which are epimeric at C-21; both epimers yielded the same hydrated 
glyoxal. Removal of 2 atoms of bromine gave the 12a-bromo-A'*-pregnene, 
which was converted into the l2a,15-dibromo and the 12a-bromo-15-iodo 
derivatives. Silver salts removed hydrogen halide from the 15-halo com- 
pounds and introduced a double bond with formation of a A '*-pregna- 
diene. As a secondary product some 15-acetoxy-A'*-pregnene also was 
separated. In chloroform the A'® bond added hydrogen bromide and 
yielded a 16-bromopregnane, but the latter in acetic acid lost hydrogen 
bromide and the A'® bond was reestablished. 

Bromination of 3a,21-diacetoxy-11 ,20-diketo-12a-bromo-A'*-pregnene 
with V-bromosuccinimide gave a 15-bromo derivative, probably with the 
a configuration at C-15, which in methanolic sodium bromide was slowly 
converted into a mixture of l5a- and 158-epimeric forms. 
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METABOLISM OF 6-PHOSPHOGLUCONIC ACID IN LIVER AND 
BONE MARROW 


By J. E. SEEGMILLER anv B. L. HORECKER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, July 30, 1951) 


With a purified enzyme preparation from yeast (1, 2), 6-phosphoglu- 
conate undergoes oxidative decarboxylation to form the ketopentose, ribu- 
lose-5-phosphate, which is converted by pentose phosphate isomerase in 
the enzyme preparation to an equilibrium mixture of ribulose-5-phosphate 
and ribose-5-phosphate. While extracts of several mammalian tissues have 
been observed to catalyze the reduction of triphosphopyridine nucleotide 
by 6-phosphogluconice acid (3, 4), the reaction products were neither iso- 
lated nor identified. 

In the present paper it is shown that ribulose-5-phosphate and ribose- 
j-phosphate are formed in the oxidation of 6-phosphogluconate with an 
enzyme preparation from rabbit liver. Pentose phosphate is also formed 
with a erude bone marrow preparation, but on prolonged incubation is 
further metabolized. 


Methods 


Materials—Barium 6-phosphogluconate, purity 95 per cent, was pre- 
pared by the oxidation of barium glucose-6-phosphate (5). p-Arabinose, 
p-xylose, and p-lyxose were generously supplied by Dr. Hewitt G. Fletcher 
of this Institute. _p-Ribulose was prepared from p-arabinose by the method 
of Glatthaar and Reichstein (6). Commercial b-ribose was recrystallized 
from absolute ethanol. p-Xylulose was prepared by the oxidation of 
b-arabitol by Acetobacter suborydans (7) and purified by way of the p- 
bromophenylhydrazone (8).'- Sodium pyruvate was a commercial product 
(Nutritional Biochemicals Corporation). 

Triphosphopyridine nucleotide (TPN), purity 83 to 91 per cent, was 
prepared by a method involving purification by ion exchange chromatog- 
raphy of a crude liver fraction.2. Diphosphopyridine nucleotide (DPN), 
purity 78 per cent, was prepared by a modification of the method of Wil- 
liamson and Green (9) and reduced by the method of Ohlmeyer (10). 
Dowex 1 anion exchange resin (The Dow Chemical Company) was used 


in the formate form (2). 


' Prepared by P. Z. Smyrniotis. 
* Kornberg, A., and Horecker, B. L., unpublished procedure. 
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Zwischenferment free of phosphogluconic dehydrogenase activity was 
prepared by the method of Kornberg (11). The yeast phosphogluconic 
dehydrogenase preparation of Horecker and Smyrniotis (1) was used in 
the determination of 6-phosphogluconate. Lactic dehydrogenase was pre- 
pared from rabbit muscle by the method of Kornberg and Pricer (12). 
Acid phosphatase was purified from potato.’ 

Determinations—Glucose-6-phosphate and 6-phosphogluconate were de- 
termined spectrophotometrically by measurement of TPN reduction in 
the presence of the appropriate dehydrogenase. Pyruvate was determined 
by the oxidation of DPNH, in the presence of lactic dehydrogenase (13). 
Carbon dioxide formation was measured with a conventional Warburg 
apparatus. Pentose was determined by the orcinol reaction as modified 
by Mejbaum (14), except that the heating period was 40 minutes. Phos- 
phate was determined by the method of Fiske and Subbarow (15) and pro- 
tein by the nephelometric method of Biicher (16). 

The activity of phosphogluconic dehydrogenase was determined spec- 
trophotometrically from the initial rate of TPN reduction measured at 
340 my in the test system previously described (1). The unit of enzyme 
activity was defined as the quantity of enzyme in a total volume of 1.55 
ml. which would result in an initial density change of 1.0 unit per minute 
with a 1 em. light path. 


Results 
Enzyme Preparations 


Purification from Liver (Table I) —An acetone powder was prepared by 
homogenizing fresh rabbit liver in a Waring blendor with 5 volumes of 
acetone chilled to —10°. The residue was collected by rapid filtration 
with suction and again extracted with acetone, and filtered and dried 
rapidly at room temperature. The powder was extracted with 12 volumes 
of 0.1 m phosphate buffer, pH 7.4, for 10 minutes at 0° and centrifuged 
(acetone powder extract). 

180 ml. of extract derived from 17 gm. of acetone powder were diluted 
with 100 ml. of water at 2° and treated with 280 ml. of ammonium sulfate 
solution saturated at 2°. The precipitate was centrifuged and discarded, 
and the supernatant solution was treated with 106 ml. of saturated ammo- 
nium sulfate solution. The precipitate was collected by centrifugation 
and dissolved in 15 ml. of 0.1 mM phosphate buffer, pH 7.4 (ammonium 
sulfate Fraction I, 20 ml.). 

This solution was diluted with water to 40 ml. and heated in an alumi- 


250) 


num tube in a 60° water bath. The enzyme solution, which reached a cub 


* Kornberg, A., unpublished method. 
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temperature of 54° within 2 minutes, was maintained at 54-55° for 7 
minutes and rapidly cooled in ice. The coagulated protein was removed 
by centrifugation (heated fraction, 37 ml.). 

30 ml. of ammonium sulfate solution saturated at 2° were added to the 
supernatant solution and the precipitate was centrifuged and discarded. 
The solution was treated with 19 ml. of saturated ammonium sulfate, 
centrifuged, and the precipitate dissolved in 1.3 ml. of 0.25 m glycylglycine 
buffer, pH 7.4 (ammonium sulfate Fraction II, 1.8 ml.). This product 
could be stored for 3 days at —16° with only 10 per cent loss in activity. 

Preparation from Bone Marrow—Marrow was removed from the long 
bones of the rabbit, acetone powder was prepared, and an extract with 20 
volumes of 0.1 M phosphate buffer, pH 7.4, obtained as described for liver. 
To 3.5 ml. of clear supernatant fluid, obtained from 0.2 gm. of powder, 
0.9 gm. of ammonium sulfate was added and the precipitate centrifuged 


Taste I 
Purification of Rabbit Liver Phosphogluconic Dehydrogenase 
Stage of purification Total recovered Specific activity 
Acetone powder 216 0.08 
Ammonium sulfate Fraction I.................... 104 | 0.27 
Ammonium sulfate Fraction I]... .............. | 51 0.76 


and discarded. The supernatant solution was treated with 0.36 gm. of 
ammonium sulfate. The precipitate was collected by centrifugation and 
dissolved in 1 ml. of 0.01 m phosphate buffer, pH 7.0. The acetone powder 
extract contained 3.8 units, with a specific activity of 0.08 unit per mg. of 
protein. The ammonium sulfate fraction contained 2.1 units with a spe- 
cifie activity of 0.31 unit per mg. of protein. 


| Phosphogluconate Metabolism with Liver Preparation 


Pentose Phosphate Formation from 6-Phosphogluconate—The oxidation of 
6-phosphogluconate was carried out in the TPN-linked oxidation-reduc- 
tion system previously described (1). As is shown in Table II, the over- 
all reaction proceeds according the equation 


6-Phosphogluconate + pyruvate ===, pentose phosphate + CO, + lactate 


mi- 


For purposes of isolation and chargcterization of the reaction products, 
250 um of potassium phosphogluconate, neutralized to pH 7.0, were in- 


da cubated with 325 um of sodium pyruvate, 2.5 um of TPN, 6.1 mg. of lactic 


dehydrogenase preparation, and 24 units of rabbit liver phosphogluconic 
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dehydrogenase (30.6 mg. of protein) in a total volume of 5.05 ml. After 
incubation for 70 minutes at room temperature, 159 um of pentose were 
formed (corrected for an initial blank value of 14 yu). 

Identification of Reaction Products—The ion exchange chromatogram of 
the products of 6-phosphogluconate oxidation with the rabbit liver en- 
zyme preparation was essentially identical with chromatograms obtained 
with the products formed with yeast enzyme (2) with respect to position 
and optical rotation of the pentose phosphate fractions (Fig. 1). The 


Il 
Stoichiometry of Phosphogluconate Oxidation by Liver Enzyme 


The reaction was carried out in double side arm Warburg vessels containing 105 
uM of potassium 6-phosphogluconate, 20 ym of sodium pyruvate, 0.06 um of TPN, 
0.12 mg. of lactic dehydrogenase preparation, and 1.04 units of purified rabbit liver 
enzyme preparation (1.9 mg. of protein) in a total volume of 2.75 ml., in 0.018 x 
giveviglycine buffer, pH 7.4. The vessels were gassed with helium and incubated 
in a 26° water bath. The reaction was begun by tipping the rabbit liver enzyme 
from the side arm into the main compartment. The second side arm contained 
0.25 ml. of 50 per cent trichloroacetic acid. In duplicate control vessels this was 
tipped before the enzyme in order to provide initial values of the reaction com- 
ponents. In reaction vessels it was tipped to stop the reaction and to liberate 
retained carbon dioxide. The vessel contents were centrifuged and samples were 
removed and diluted with 2 volumes of 0.5 m phosphate buffer, pH 7.0, be- 
fore assay. 


Experiment No. Time | Pyruvate phosphate 
I 0 06 | 1.6 
20 6.9 | 16.4 4.4 4.8 
4 —33 | -384 | +48.8 $3.2 
0 | 0.6 1.6 
40 3.8 | 12.8 | 6.7 7.3° 
A 5.7 


-64 -7.0 | +6. + 
levorotatory component corresponded to ribulose-5-phosphate and_ the 
dextrorotatory component to ribose-5-phosphate. Identification of these 
sugars Was provided by their susceptibility to bromine oxidation, by paper 
chromatography after hydrolysis with potato phosphatase, and by the 
spectrum obtained in the orcinol-pentose reaction. 

The major portion of the pentose in the dextrorotatory Fraction 1 was 
oxidized by bromine at the same rate as ribose-5-phosphate (Fig. 2), while 
the product in the levorotatory Fraction 4 was largely resistant to bromine 
oxidation. The quantity of pentose phosphate in Fractions 1 and 4 which 
Was resistant to bromine oxidation agreed with the ketopentose content 
calculated from the optical rotation. However, with Fractions 2 and 3, 
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Fic. 1. Ion exchange chromatography of the reaction products. The reaction 
mixture was added directly to a Dowex 1 formate column, 3.1 sq. em. X 15.5 em., 
washed with 15 ml. of water, and the pentose phosphates eluted with 0.1 m formic 
acid containing 0.03 u sodium formate at the rate of 2 ml. per minute. 25 ml. frac- 
tions were collected and analyzed for pentose. 89 per cent of the pentose was re- 
covered in the eluate. 

Fic. 2. Rate of oxidation of pentose phosphates by bromine. 0.4 to 0.7 um of 
pentose phosphate was oxidized in 0.5 ml. of a 0.6 per cent (weight to volume) solu- 
tion of bromine in the presence of 20 mg. of barium carbonate. Samples for pentose 
assay were removed after brief centrifugation and diluted 20-fold with water. Ex- 
cess bromine was removed from each sample by gassing with helium for 2 minutes. 
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Fic. 3. Paper chromatograms of hydrolyzed reaction products. Chromato- 
graphed Fractions 1 and 4 after measurement of optical rotation were dephosphory- 
lated and chromatographed on paper. The pentose phosphate solution (0.15 ml., 
containing 5 to 7 um of pentose in 0.14 mw HCl) was neutralized with 6 mg. of barium 
carbonate. After centrifugation the mixture was incubated with purified potato 
acid phosphatase (0.025 mg. of protein) at 37° for 2 hours and cooled. Approxi- 
mately 0.5 um of pentose was applied to Whatman No. 3 filter paper on the line in- 
dicated by the arrow. The chromatogram was developed for 6 hours with a solvent 
composed of 3 parts of water to 10 parts of acetone. The solvent front, denoted by 
S, was at 20em. The pentoses were made visible by spraying with aniline phthalate 
in butanol and heating to 100° for 3 minutes as described by Partridge (19). 
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agreement could not be obtained, perhaps because of the presence of a 
substance interfering with the bromine oxidation. 

The pentoses obtained after hydrolysis with potato phosphatase be- 
haved in chromatography on paper like authentic ribose and ribulose 


~ PHOSPHOGLUCONATE 
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Fic. 4. Absorption spectrum of the orcinol reaction product. 0.45 um of pentose 
phosphate (Fraction 4) was oxidized with bromine for 10 minutes as described in 
Fig. 2. Excess bromine was removed by gassing for 2 minutes with helium. The 
product was dephosphorylated in 0.068 m acetate buffer of pH 5.0 (0.8 ml. containing 
14 um of MgCl,) with potato acid phosphatase (0.005 mg. of protein) by incubating 
at 37° for 45 minutes. Small amounts of pentose phosphate remaining after phos- 
phatase action were removed by the addition of 5 to 10 mg. of barium carbonate and 
5 volumes of ethanol. The supernatant fluid after centrifugation was evaporated 
to the original volume and the spectrum in the orcinol-pentose reaction was deter- 
mined and is indicated by the circles. The solid line shows the absorption spectrum 
of the product formed by synthetic ribulose in the reaction with orcinol. 

Fic. 5. Glucose-6-phosphate formation from 6-phosphogluconate with rabbit 
marrow enzyme preparation. The reaction mixture contained 10.7 um of potassium 
phosphogluconate, 12 um of sodium pyruvate, 100 um of nicotinamide to inhibit TPN 
breakdown, 0.1 um of TPN, 0.12 mg. of lactic dehydrogenase preparation, and 0.9 
unit of rabbit bone marrow enzyme preparation (2.6 mg. of protein) in 0.032  gly- 
cylglycine buffer, pH 7.4, in a total volume of 0.86 ml. The reaction was carried 
out at room temperature. Samples for assay were diluted with 9 volumes of water, 
heated for 2 minutes in a boiling water bath, chilled, and centrifuged. 


(Fig. 3). Fraction | is shown to contain mainly ribose, while Fraction 4 
contains ribulose together with a small amount of ribose. The arabinose 
and xylulose controls are readily differentiated from ribose or ribulose. 
In the presence of excess boric acid, free ribose and ribulose can be dis- 
tinguished from all other aldopentoses and 2-ketopentoses, as shown by 
the following Ry values: ribose 0.86, Fraction 1 0.86, ribulose 0.75, lyxose 
0.71, xylulose 0.70, xylose 0.67, and arabinose 0.61. 

The characteristic two-banded spectrum of ribulose in the orcinol re- 
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action (2) confirmed the identification of this sugar. The dephosphoryl- 
ated reaction product and synthetic ribulose give compounds with identical 
spectra in the orcinol reaction (Fig. 4). With ribulose the ratio of ab- 
sorption at 540 my to that at 670 mz is 0.90; with aldopentoses this ratio 
is 0.19, and with xylulose the ratio is 0.46. 


Phosphogluconate Metabolism with Marrow Preparation 


With the less purified bone marrow preparation, pentose phosphate, 
formed in essentially quantitative amounts from 6-phosphogluconate, was 
further metabolized (Fig. 5). The disappearance of pentose phosphate 
was accompanied by the appearance of glucose-6-phosphate. Dische (17) 
has reported triose phosphate and hexose diphosphate formation from 
adenosine by red blood cell preparations, and Waldvogel and Schlenk (18) 
have observed hexose monophosphate as a product of ribose-5-phosphate 
metabolism with liver preparations. Glucose-6-phosphate formed with the 
bone marrow preparation was identified and determined with a Zwischen- 
ferment preparation which had been shown to have no activity with frue- 
tose-1 ,6-diphosphate, fructose-6-phosphate, or 6-phosphogluconate. The 
6-phosphogluconate values (Fig. 5) were corrected for the presence of 
glucose-6-phosphate, since the yeast enzyme preparations used for this 
assay also contained Zwischenferment activity (1). For this reason the 
6-phosphogluconate values in the latter part of the experiment are less 
reliable. Since pyruvate in this experiment was present in only slight 
excess over 6-phosphogluconate, little was available for the oxidation of 
the glucose-6-phosphate formed. The same product is produced from 
ribose-5-phosphate in the absence of added pyruvate. It is unlikely that 
glucose-6-phosphate results from a reversal of the oxidative steps by means 
of which pentose phosphate is formed from this substrate. 


SUMMARY 


An enzyme preparation from rabbit liver catalyzes the quantitative 
oxidation of 6-phosphogluconate to pentose phosphate and carbon dioxide. 
The presence of ribulose-5-phosphate and ribose-5-phosphate was demon- 
strated by ion exchange chromatography, optical rotation, and bromine 
oxidation. After dephosphorylation the presence of ribose and ribulose 
was confirmed by paper chromatography and ribulose was characterized 
by the two-handed spectrum of the compound formed in the orcinol 
reaction. 

An enzyme preparation from rabbit bone marrow catalyzed the forma- 
tion of glucose-6-phosphate from 6-phosphogluconate by way of a pentose 


_ phosphate intermediate. 
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A QUANTITATIVE STUDY OF THE RELATIONSHIP BETWEEN 
TRYPTOPHAN AND NIACIN IN: NEUROSPORA* 


By C. W. H. PARTRIDGE, DAVID M. BONNER, ano 
CHARLES YANOFSKY 


(From the Osborn Botanical Laboratory, Yale University, New Haven, Connecticut) 
(Received for publication, August 20, 1951) 


Numerous studies elucidating the probable pathway of tryptophan syn- 
thesis (1, 2) and of niacin synthesis (3-9) in \Veurospora have been reported. 
That tryptophan may serve as a precursor of niacin was first suggested 
by the results of nutritional studies with mammals (10, 11). This rela- 
tionship has been confirmed for the rat by tracer experiments (12). A 
tryptophan-niacin relationship has‘*also been suggested for Neurospora (3), 
based on the behavior of a mutant strain which utilizes either tryptophan 
or niacin for growth. Although the existence of mutants requiring either 
tryptophan or niacin for growth suggests a metabolic relationship bet ween 
these two compounds, mutants of the type mentioned would not be ex- 
pected if niacin synthesis in Neurospora proceeds solely by way of tryp- 
tophan. Mutant strains should be either tryptophan-requiring or niacin- 
requiring and should not respond to both compounds. It is difficult, 
therefore, to account for the unorthodox behavior of strains capable of 
using either tryptophan or niacin for growth, unless the relationship be- 
tween tryptophan and niacin is more complex than has been postulated, 
or our understanding of the genetic control of biochemical reactions is 
inadequate. It was for the purpose of critically examining these points 
that the studies reported here were performed. It was felt that quantita- 
tive isotope data might indicate whether or not niacin synthesis in Neuro- 
spora proceeds solely by way of tryptophan and might also offer an explana- 
tion for the behavior of mutant strains capable of using either tryptophan 
or niacin for growth. 

A preliminary experiment in this direction was reported (13) in which 
mutant strain 39401, a strain that responds to either tryptophan or niacin, 
Was grown in the presence of N“-indole. The niacin formed in the myce- 
lium during growth was isolated and it was found that 25 per cent of the 
niacin synthesized was derived from the indole fed. This experiment 
demonstrated that niacin is synthesized at least in part from indole in 
Neurospora, presumably via tryptophan. However, from the limited data 
obtained it was not possible to account for the niacin which was not de- 


* These investigations were supported in part by the Williams-Waterman Fund 
for the Combat of Dietary Diseases, and in part by the Rockefeller Foundation. 
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rived from the labeled indole; i.e., the major portion of the niacin formed. 
To account for this portion, more critical isotope experiments have been 
performed, 


EXPERIMENTAL 


Mutant Strains—Double mutant strains were used in most of this work, 
These strains were formed by appropriate genetic methods, and the iden- 
tity of each double mutant was verified by outcrossing with the standard 
strain. The mutant strains used in this study and the compounds which 
support their growth are listed below. 


Strain 3416-7655, niacin + tyrosine, phenylalanine, p-aminobenzoic acid and an- 
thranilie acid, indole, or tryptophan 

Strain 3416-75001, niacin + anthranilic acid, indole, or tryptophan 

Strain 3416-10575, niacin + indole or tryptophan 

Strain 3416-C-83,' niacin + tryptophan, 

Strain 39401, indole, tryptophan, kynurenine, 3-hydroxykynurenine, 3-hydroxy- 
anthranilic acid, quinolinic acid, or niacin 


The block of strain 3416 was introduced in the above mutants for techni- 
cal purposes. This block results in the accumulation of quinolinic acid, 
a product known to be derived from 3-hydroxyanthranilic acid, as is 
niacin (6, 7), and therefore equivalent to niacin for the purpose of deter- 
mining the source of the niacin nitrogen. Quinolinic acid was preferred 
as an end-product because of its heavier yield and greater ease of isolation. 

Culture Conditions—In each experiment, 18 liters of sterile minimal 
medium (supplemented as required for each strain) were inoculated with 
a conidial suspension of the desired mutant. Since the 3416 block of each 
double mutant results in an absolute growth requirement for niacin, an 
excess of niacinamide was included in the medium in each case except that 
of strain 39401. For strain 39401 it was supplied in suboptimal amount, 
since it was the only growth supplement required by that mutant. Anthra- 
nilic acid and tryptophan, when used, were added to the medium before 
autoclaving; indole was dissolved in 50 per cent ethanol and added to the 
hot sterilized medium. The medium for the growth of strain 3416-7655 
was further supplemented with optimal amounts of L-tyrosine, pL-phenyl- 
alanine, and p-aminobenzoie acid. The medium for the growth of strain 
3416-C-83 was supplemented with DL-serine, a compound which stimulates 
growth of this mutant. 

The cultures were grown with forced aeration in a constant temperature 
room maintained at 30°. At the end of the culture period a sample of 
the filtrate, containing mycelium and conidia, was removed aseptically 


' Strain C-83 was kindly supplied by Dr. H. K. Mitchell of the California In- 
stitute of Technology. 
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for reversion tests. The remaining mycelium was then removed by fil- 
tration through cheese-cloth, squeezed dry, and kept frozen until it was 
used for the isolation of tryptophan. The sample taken for reversion 
tests was allowed to form conidia on complete medium and the conidia 
were tested for independence of the nutritional supplements required by 
the original strain. Inoculated flasks of minimal medium and of medium 
supplemented with the required substances, both separately and in com- 
bination, were observed for appearance of growth. In no case was there 
evidence of a strain having reverted at any mutant locus. 

Assay Methods—When quinolinic acid was to be isolated, the filtrates 
were assayed for this compound by the method of Henderson and Hirsch 
(14). This assay was also used for the determination of quinolinie acid 
in the final concentrates and at intermediate stages in the isolation. In 
several runs the direct microbiological method for quinolinic acid of Jakoby 
and Bonner (15) was used. 

N®-Labeled Substrates—The anthranilic acid used in this investigation 
was prepared from N®-labeled potassium phthalimide by a modification 
of the method of Hoogewerff and van Dorp (16). The N*-labeled indole 
was kindly supplied by Dr. R. Schayer and Dr. D. Shemin of Columbia 
University. The N® ring-labeled tryptophan was isolated according to 
the procedure given in this paper from mycelium of strain 3416-75001 
grown on N™-labeled anthranilic acid. 

Isolation of vi-Tryptophan—The moist mycelium, after grinding in a 
Waring blendor, was hydrolyzed in 6 s Ba(OH), under nitrogen at 120° 
for a period of 8 hours. After cooling, the semisolid mass was crushed 
and filtered with suction and the solid residue washed with cold water. 
Most of the remaining barium was then removed by precipitation with CO». 
The isolation was completed according to the procedure of Cox and King 
(17). 

In some cases the isolated tryptophan was acetylated; the procedure 
of Berg, Rose, and Marvel (18) was followed. 

Isolation of Quinolinic Acid—A modification of the method of Henderson 
and Hirsch (14) was used. The culture medium (about 17 liters), after re- 
moval of the mycelium, was acidified to pH 1 to 1.5 with HCI and passed 
through a column packed with a mixture composed of approximately 200 
gm. each of norit and Hyflo Super-Cel. The absorbent was then stirred 
with four 500 ml. portions of 0.1 NX ammonium hydroxide, each treatment 
lasting | hour. “The third and fourth eluates, containing the bulk of the 
quinolinie acid, were combined and concentrated in vacuo to approximately 
30 ml. After filtration, the concentrate was acidified to pH 4.0 and ex- 
tracted with ether for 24 hours to remove interfering substances. The 
remaining aqueous solution was further concentrated to 10 ml. and the 
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pH lowered to 1. A second 24 hour ether extraction removed the quin- 
olinie acid. This extract was submitted to large scale paper chromatog- 
raphy* (19) with n-butanol, n-propanol, and water (1:2:1 volume per vol- 
ume) as developing solvent. The quinolinie acid band, located by its 
quenching of fluorescence under ultraviolet light and by its characteristic 
color reaction with ferrous ammonium sulfate, was eluted with 0.1 N am- 
monium hydroxide. This eluate, after concentration, was rechromato- 
graphed with the same solvent, made 0.01 mM with respect to ammonia im- 
mediately before use. The quinolinic acid eluate, obtained as before, was 
concentrated to a small volume and crystalline quinolinic acid was obtained 
upon addition of two-thirds volume of glacial acetic acid and cooling. 

Isolation of Anthranilic Acid—-As a by-product from the isolation of 
quinolinie acid from the filtrate of strain 3416-10575 grown on N"-con- 
taining indole, an ether extract containing anthranilic acid was obtained. 
This was chromatographed on paper with n-butanol, n-propanol, and water 
(1:2:1 volume per volume), made 0.005 N with respect to ammonia, as 
developing solvent. The anthranilic acid band was located by its charac- 
teristic Ry, its blue fluorescence under ultraviolet light, and its yellow 
color reaction with p-dimethylaminobenzaldehyde. This band was eluted 
with methanol and, after evaporation of the solvent, the crystalline residue 
was sublimed in vacuo and recrystallized twice from ligroin. <A yield of 
57 mg. of anthranilic acid, melting at 141-143°, was obtained. 


Results 


The results of the N” analyses on the compounds fed and the isolated 
products are shown in Table 1. It is seen that in the experiment employ- 
ing double mutant 3416-C-83 there was essentially no dilution of the 
tryptophan nitrogen or of the quinolinic acid nitrogen. In the experi- 
ments employing double mutants 3416-7655, 3416-75001, and 3416-10575, 
dilution of both tryptophan nitrogen and quinolinic acid nitrogen was 


2A modification of the method of Mueller (20) was also used. In this procedure 
the sample solution was evaporated on a strip of Whatman No. | filter paper } inch 
by 15 inches. In this process the paper was laid on a silicone-coated glass plate 
and the sample solution was applied rapidly from a pipette. Drying was hastened 
with the aid of an infra-red lamp and a fan. The sample strip was then sandwiched 
between the lower edge of « single sheet of heavy filter paper (Schleicher and Schill 
lot No. 470A) and a wick of Whatman No. | filter paper 2} inches wide, which served 
to reduce the rate of flow of the developing solvent. The three pieces of paper were 
held together temporarily by staples, while a double seam of white cotton thread 
was sewn with a sewing machine. The staples were then removed before develop- 
ment of the chromatogram. This method of large scale paper chromatography has 


certain advantages in that the sample is quite evenly spread throughout the paper 


band and that several sample strips can be prepared at once when it is necessary to 
use more than one chromatogram for a single preparation. 
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observed. However, in each case the nitrogen of both compounds was 
diluted practically to the same extent. The anthranilic acid isolated from 


Tasie I 
Results of Analyses 
Substrate | Product isolated 
of culture Dilution content cent of 
Compound per 18 period Compound 
| isolation Found (b/a 
(a) (b) 
| atom atom 
mg. percent days percent percent 
j ess excess excess 
3116- pt-Tryp- 1433 | 0.456 4 =N-Acetyl- 0.417 0.190 0.188 98.9 
tophan | | 
| | phan 
| | | Quinolinie 0.135 0.123 0.116 94.3 
| | acid | 
Indole 200 4.08 7 N-Acetyl- 1.60 | 80 
10575 | trypto- | | 
phan | | 
| Quinolinie 0.0090 0.0367 0.0276. 75 
| acid | 
Anthranilie (3.2% | 
acid | 
316- | Anthra- 20 34.7 4 Trypto- 17.35 13.3 | 77 
75001 nilie | phan | 
acid | | | 
| Quinolinie 0.100 3.47 3.59 108 
| acid | 
3416- | Anthra- | 300/ 3.47 7  N-Acetyl- 1.74 0.650 37 
7655 nilie | trypto- 
acid | | phan | 
| —Quinolinie 0.340 1.18 0.473 40 
| | acid 
3601 =6Anthra- 300 3.47 7 Trypto- 174 81.165 67 
nilie | phan 
acid 


* The N'* content of the total tryptophan nitrogen was taken as one-half that 
of the ring nitrogen, since any liberated N'* could constitute only a negligible pro- 
portion of the general nitrogen pool from which the amino nitrogen of tryptophan 
is presumably derived. 

t Based on the isotope content of the isolated tryptophan. 


the culture filtrate of strain 3416-10575 did not contain any excess N®, 
while the tryptophan isolated from the mycelium formed in the same ex- 
periment contained 3.2 atom per cent excess N™ in the ring nitrogen. In 
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the experiment with strain 39401 grown in the presence of N"-containing 
anthranilic acid, a large proportion of the tryptophan nitrogen was de- 
rived from the nitrogen of the added anthranilic acid. 


DISCUSSION 


As was mentioned in the introduction to this paper, the initial suggestion 
that a metabolic relationship exists between tryptophan and niacin in 
Neurospora (3) was based on the behavior of a mutant strain whose niacin 
requirement is satisfied by tryptophan. Supporting evidence for a rela- 
tionship between tryptophan and niacin came from the observation that 
a known product of tryptophan metabolism, kynurenine, would replace 
niacin for a Neurospora mutant (3). The demonstration that large quan- 
tities of a derivative of kynurenine, a-N-acetylkynurenine, are abnormally 
accumulated by a second niacinless mutant (8) also serves to link tryp- 
tophan metabolism with niacin synthesis. 

Although a relationship between tryptophan and niacin was indicated 
by the evidence mentioned, the question as to whether or not niacin for- 
mation from tryptophan constitutes the major pathway of niacin synthesis 
in Neurospora remained unanswered. In the experiments reported in this 
paper a combination of mutant strains of Neurospora and labeled sub- 
strates provided the experimental materials with which to test this point 
critically. It was argued that the nitrogen of the niacin synthesized by a 
tryptophanless mutant should reflect the same isotope content as the ring 
nitrogen of the labeled tryptophan supplied for growth, provided niacin 
was synthesized solely by way of tryptophan. If niacin could be formed 
via some other pathway not involving the ring nitrogen of tryptophan, 
this would result in the formation of niacin with a lower N™ content than 
the ring nitrogen of the tryptophan fed. Actually, in these experiments 
double mutants were employed and quinolinic acid was isolated instead 
of niacin, for reasons mentioned earlier in this paper. Preliminary isotope 
experiments’ indicated that the nitrogen of quinolinic acid and the nitro- 
gen of niacin were equivalent, a conclusion also arrived at from other 
studies (6, 21) which showed that both compounds are derived from the 
same precursor, 3-hydroxyanthranilic acid. 

In the experiment performed with double mutant 3416-C-83, N® ring- 
labeled tryptophan was fed and the results obtained (see Table 1) show 
that the quinolinie acid synthesized by this mutant was derived solely 
from the labeled tryptophan supplied. Tryptophan was also isolated at 
the end of the culture period and no dilution of its nitrogen was observed. 

* Additional N'* tracer experiments performed in this laboratory have shown that 


niacin and quinolinie acid are both derived quantitatively from the same added 
precursor, 3-hydroxyanthranilic acid. 


do 


cu! 
po 
cy' 
po 
oli 
tio 
ing 
ex| 
col 


wi 


ble 
the 
fr 
syl 
3. 
A 
a 
di 
in 
an 
for 
| ex 
alt 
m 
in 

a 
(9 
me 
to 
to 
Wi 
ni 
th 


PARTRIDGE, BONNER, AND YANOFSKY 275 
This result shows that, under the culture conditions employed, strain 
3416-C-83 is incapable of tryptophan synthesis. Since in this case a 
block in a single step, the conversion of indole to tryptophan, results in 
the inability of the double mutant concerned to synthesize quinolinic acid 
from sources other than the labeled tryptophan supplied, quinolinic acid 
synthesis must involve tryptophan as a sole precursor. This experiment 
also rules out the possibility of a direct oxidation of anthranilic acid to 
3-hydroxyanthranilic acid (as appears to be the case in Aspergillus (22)). 
A large amount of anthranilic acid, in addition to a small amount of in- 
dole, is accumulated by strain 3416-C-83. In the experiment just dis- 
cussed, this anthranilic acid would be principally unlabeled (a small 
portion could be formed from the labeled tryptophan via the tryptophan 
cycle (9)), and, if a direct oxidation to 3-hydroxyanthranilic acid were 
possible in Neurospora, should lead to a dilution of the nitrogen of quin- 
olinic acid. This was not observed. 

Similar quantitative isotope studies were performed with three addi- 
tional double mutants, 3416-10575, 3416-75001, and 3416-7655. Employ- 
ing either N-labeled anthranilic acid or indole as substrate, in each 
experiment (see Table 1) good agreement was obtained between the isotope 
content of the tryptophan and quinolinic acid synthesized. Unexpectedly, 
it was found that the isolated products were diluted in the experiments 
with these three double mutants. However, approximately the same 
dilution was obtained in the tryptophan and quinolinic acid synthesized 
in each experiment. This fact suggests that tryptophan is diluted first 
and this dilution then shows up in quinolinic acid. This would account 
for the slightly high quinolinic acid value obtained in the 4 day growth 
experiment with strain 3416-75001. 

Thus the evidence obtained indicates that quinolinic acid synthesis, 
and therefore niacin synthesis, proceeds solely by way of tryptophan. If 
alternate pathways of niacin synthesis do exist in Neurospora, they are of 
minor importance, at least under the experimental conditions employed 
in these investigations. 

The evidence obtained also confirms the conversion of anthranilie acid 
and indole to tryptophan by Neurospora (1, 2). Haskins and Mitchell 
(9) have questioned the participation of anthranilic acid as a direct inter- 
mediate in tryptophan synthesis and have proposed a scheme (the tryp- 
tophan cycle) in which anthranilie acid is formed in two ways; from tryp- 
tophan by way of kynurenine and from a hypothetical indole precursor 
with which it is in equilibrium. Although it is conceivable that anthra- 
nilic acid is not a direct intermediate in tryptophan synthesis, Haskins and 
Mitchell have not presented any experimental evidence on which to base 
the conclusion that indole is formed without anthranilic acid participating 
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as an intermediate. Such evidence would be required if anthranilic acid 
is to be excluded from the scheme of tryptophan synthesis. 

The significance of the tryptophan cycle was evaluated in the experi- 
ment performed with double mutant 3416-10575, a strain which accumu- 
lates anthranilic acid. This strain was grown on N®-labeled indole and 
anthranilic acid was isolated from the culture filtrate at the end of the 
culture period. The isotope analysis (see Table 1) revealed that there 
was no excess N® in the isolated anthranilic acid. Tryptophan, isolated 
from the mycelium obtained in the same experiment, contained 3.2 atom 
per cent excess N” in the ring nitrogen. From these values it can be 
calculated that no more than one-thousandth of the anthranilic acid yield 
in this experiment could have come from tryptophan; otherwise it would 
have been detected. These results suggest that, when tryptophan is pro- 
duced gradually from its normal precursors rather than added directly 
to the culture medium (as in the experiments of Haskins and Mitchell), 
the operation of the tryptophan cycle may be greatly reduced or entirely 
eliminated. 

Since niacin is synthesized solely by way of tryptophan in Neurospora, 
we are confronted with the problem of accounting for the unorthodox be- 
havior of the mutant strains which are capable of using either tryptophan 
or niacin for growth. All such strains appear to be blocked at steps in 
tryptophan synthesis, and, like other (ryptophanless mutants, both their 
tryptophan and niacin requirements are satisfied by an exogenous supply 
of tryptophan. However, in distinction to the (ryptophanless mutants 
which do not respond to niacin, these mutants do. Niacin cannot be 
seriously considered as a precursor of tryptophan and thus account for 
the ability of certain strains to use either compound for growth, because 
the amount of niacin required to support growth is far too small. There- 
fore it must be concluded that such strains are capable of tryptophan 
synthesis from the constituents of minimal medium under growing con- 
ditions. This conclusion was further examined by growing strain 39401, 
a mutant that does not respond to anthranilic acid, on niacinamide in the 
presence of N'-labeled anthranilic acid. Tryptophan was isolated from 
the resulting mycelium and analyzed for its N“ content (see Table I). 
It was found that 67 per cent of the tryptophan synthesized by the mutant 
was derived from the labeled anthranilic acid. Thus this mutant can use 
anthranilic acid efficiently as a precursor of tryptophan when it is grown 
on niacin. The fact that only 67 per cent of the tryptophan was derived 
from the labeled anthranilic acid can be explained on the assumption that 
the remainder was derived from unlabeled anthranilic acid synthesized 
by the mutant. Thus this mutant, under growing conditions, converts 
anthranilie acid to tryptophan, and would appear to be capable of form- 
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ing tryptophan by the normal sequence of reactions. This mutant, then, 
can synthesize an essential compound from a precursor which growth data 
suggest that it is incapable of using. This ability of a mutant strain to 
form those compounds which it specifically requires for growth has been 
termed “leakage” (23). Leakage also occurs in three of the four double 
mutants which were employed in this study (see Table I). 

Following the observation that strain 39401 is capable of converting 
anthranilic acid to tryptophan when grown on niacin, this strain was 
tested on a wide range of anthranilic acid concentrations. Although it 
had been known for some time that this strain does not respond to “‘nor- 
mal” concentrations of anthranilic acid, it was found that high concen- 
trations of the order of 20 times normal would support growth on an 
otherwise unsupplemented medium. It has also been found that the 
ability of strain 39401 to use anthranilic acid for growth is appreciably 
affected by several modifier genes. In fact the 39401 locus within cer- 
tain genetic constitutions permits substantial growth on anthranilie acid. 

Thus all the evidence supports the view that niacin is synthesized solely 
by way of tryptophan in Neurospora. That strains are known whose 
behavior would appear to contradict this relationship does not indicate 
that our understanding of the biochemistry of this problem is at fault. 
Rather it suggests that genetic changes have rendered such strains in- 
capable of synthesizing sufficient tryptophan to supply both the trypto- 
phan and niacin required for growth, and that it is our understanding of 
the genetic control of biochemical reactions which is inadequate. 


SUMMARY 


A quantitative investigation of the tryptophan-niacin relationship in 
Neurospora was carried out. Four mutant strains requiring tryptophan 
for growth, each genetically blocked in different steps in tryptophan for- 
mation, were cultured on tryptophan, indole, or anthranilic acid containing 
excess N°. In each case the tryptophan of the formed mycelium was 
isolated, and its N™ content determined. The quinolinic acid accumu- 
lated in the culture medium as the result of the incorporation of a second 
genetic block was also isolated in each case and analyzed for N“. From 
these investigations it may be concluded (1) that the nitrogen of anthra- 
nilic acid and indole is converted to the ring nitrogen of tryptophan and 
niacin, and (2) that niacin is synthesized solely by way of tryptophan in 
Neurospora. 

Strain 39401, which utilizes either tryptophan or niacin but not an- 
thranilic acid for growth, was cultured on niacin in the presence of N%- 
anthranilic acid. The ring nitrogen of the tryptophan isolated was found 
to contain 67 per cent of the concentration of N© present in the added 
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anthranilic acid. This permits the conclusion that this strain is capable 
of independent tryptophan synthesis under growing conditions. 


one 
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TRYPTOPHAN DESMOLASE OF NEUROSPORA* 
Phys- PARTIAL PURIFICATION AND PROPERTIES 


By CHARLES YANOFSKY 
(From the Osborn Botanical Laboratory, Yale University, New Haven, Connecticut) 


(Received for publication, July 18, 1951) 


Preliminary to an examination of extracts from trypltophanless Neuros- 
pora mutants which presumably lack tryptophan desmolase, it seemed 
desirable to investigate the properties of this enzyme as obtained from a 
parental strain. Tryptophan desmolase, the enzyme which catalyzes the 
formation of tryptophan from indole and serine, was named by Gordon 

and Mitchell (1). The first suggestion that tryptophan is synthesized in 
Neurospora by the condensation of indole and serine resulted from ex- 
101, periments performed with whole mycelium by Tatum and Bonner (2). 
Soon after, Umbreit, Wood, and Gunsalus (3) obtained cell-free prepara- 
»)- tions from Neurospora mycelium which catalyzed this reaction. These 
151 orkers also demonstrated that under appropriate conditions pyridoxal 
phosphate was a necessary cofactor for tryptophan synthesis by cell-free 
extracts. 
Further studies of tryptophan desmolase have now been performed. 
91). This paper will present a scheme for the partial purification of this enzyme 
and will describe several of its characteristics. 


Methods 


Enzyme extracts were generally prepared from mycelium of a standard 
sym- wild type strain (Em-5256) grown on 20 ml. of minimum medium (4) 
contained in 125 ml. flasks. The flasks were incubated at 30° and, at 
the desired time, the mycelial pads were removed and washed thoroughly 
with distilled water on a Biichner funnel. The pads were then frozen 
and stored in this condition until used. 

The steps employed in the preparation of crude extracts are similar in 
many respects to the procedure outlined by Nason e¢ al. (5). To obtain 
cell-free extracts, the frozen mycelium was allowed to thaw slightly and 
was homogenized in cold 0.1 mM phosphate buffer at pH 7.8. Either a 
Potter-Elvehjem glass homogenizer or a Ten Broeck glass homogenizer 
was used. All operations were performed in a cold room maintained be- 

* These investigations were supported by the Atomic Energy Commission (con- 
tract No. AT(30-1)-1017). This material is taken in part from a dissertation pre- 


sented to the faculty of the Graduate School of Yale University in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy. 


279 


B, 155 


Ness 
44). 


280 TRYPTOPHAN DESMOLASE 


tween 1-4°. The homogenate was centrifuged in a Servall centrifuge at 
approximately 12,000 r.p.m. for 15 to 30 minutes. The supernatant fluid 
was filtered through a coarse pad of glass wool and the filtered solution 
was used as the crude enzyme extract. Such preparations were either 
assayed immediately or frozen, since enzyme activity disappeared rapidly 
from extracts stored at 1-4°. Frozen extracts, however, retained their 
full activity for several weeks. 

In preliminary experiments, indole uptake in the presence of tryptophan 
desmolase was compared with tryptophan formation, and excellent agree- 
ment was obtained. Thereafter enzyme activity was usually determined 
by measuring indole disappearance alone. The enzyme assay was per- 
formed in a | ml. volume containing 0.4 um of indole (occasionally 03 
um of indole was used), 80 um of pL-serine, 20 y of pyridoxal phosphate,! 
0.2 ml. of 0.5 m phosphate buffer at pH 7.8, and enzyme extract. Assay 
tubes were incubated at 32° for 40 minutes. At the end of this period, 
0.3 ml. of 5 per cent NaOH was added to each tube to stop the reaction. 
A control tube containing the enzyme preparation, substrates, and base 
was run with each assay, as was a control tube containing substrates 
alone. Following the addition of base, 4 ml. of toluene were added to 
each tube. The tubes were then shaken and the layers allowed to sepa- 
rate. Aliquots were removed from the toluene layer and assayed for 
indole by a modification of the colorimetric method of Stanley and Spray 
(6). When desired, tryptophan was determined in aliquots of the lower 
layer by the method of Horn and Jones (7). 


The unit of enzyme activity was defined as the amount of enzyme which | 


will catalyze the conversion of 0.1 um of indole to tryptophan in a 40 min- 
ute incubation period at 32°, in the presence of the supplements mentioned 
previously. 

For comparison of enzyme content of various extracts and to follow 


enzyme purification, the biuret method of Robinson and Hogden (8) was. 


used. The biuret unit used in these experiments was the amount of pro- 
tein required to give the same colorimeter reading as 0.1 ml. of a standard 
protein solution (containing 6 mg. of Fraction V from bovine plasma’ 


per ml.). Enzyme purity is expressed in tryptophan desmolase units | 


(TDU) per biuret unit (BU). 


Purification of Tryptophan Desmolase 
Before proceeding with enzyme purification it was necessary to stand- 
ardize the assay procedure. Accordingly, the time course of activity of a 
crude enzyme preparation was determined, as was the effect of enzyme 


' Kindly supplied by Dr. W. W. Umbreit. 
2? Obtained from the Armour Laboratories. 
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concentration. The results are shown in Figs. | and 2. It is evident that 
the curves are linear over a considerable region. Thereafter, as standard 
procedure, enzyme assays were performed at several dilutions of enzyme 
for 40 minutes at 32°, and calculations of activity were based on values 
showing a linear relationship. 

The tryptophan desmolase content of mycelium of different ages was 
also determined. It was found that 48 to 72 hour-old mycelium had the 
highest ratio of enzyme to protein, and the maximum amount of enzyme 
Was present in extracts from 72 to 96 hour-old mycelium. Therefore 72 
hours was selected as the most desirable culture period. 

Large batches of 72 hour-old mycelium were treated as previously de- 


| | 
20 40 60 80 .O5 I5 2 
minutes mi. crude extroct 
Fic. 1 Fria. 2 


Fic. 1. Indole uptake by a crude tryptophan desmolase preparation as a function 
of time. 
Fic. 2. Indole uptake as a function of enzyme concentration. 


scribed and crude enzyme extracts were obtained. The tryptophan des- 
molase in these extracts was partially purified by ammonium sulfate frae- 
tionation at two pH values. The details of the purification procedure are 
shown in Table I. Between 12- and 20-fold purification was usually ob- 
tained by this procedure. 


Characteristics of Tryptophan Desmolase 


The pH optimum of tryptophan desmolase activity was determined in 
phosphate buffer and a representative pH-activity curve is shown in Fig. 
3. It is seen that the pH optimum is approximately 7.8. 

Various substances were tested as possible substitutes for serine or as 
intermediates in the tryptophan desmolase-catalyzed reaction. These in- 
clude glycine, alanine, cysteine, threonine, cystine, methionine, aspartate, 
glutamate, acetate, pyruvate, succinate, malate, and 3-indolepyruvie acid. 
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Tasie I 
Scheme for Purification of Tryptophan Desmolase : 
Crude extract (0.58), 1400 TDU ot 
Add (NH,).S50, to 30% saturation (1°); let stand 
20 min.; centrifuge de 
m 
py 
Ppt. (1.1), 1250 TDU Supernatant solution (dis- | th 
Dissolve in 0.1 m phosphate, pH 7.8; add eard) an 
1 N acetic acid to pH 5.8; add (3 
(NH,).80, to 10% saturation; let stand 
1 hr.; centrifuge tr 
po 
Ppt. (discard) Supernatant solution 
Add (NH,).80, to 
25% saturation; 
let stand 20 min.; 
centrifuge 
Ppt. (3.4), 960 TDU Supernatant solution  ; 
Dissolve in 0.1 m phosphate, pH 7.8; add (discard) 
(NH,).80, to 20% saturation; let stand 
20 min.; centrifuge 
Ppt. (diseard) Supernatant solution tio 
Add (NH,).SO, to 25% saturation; let stand 20 py 
min.; centrifuge tio 
fur 
col 
Supernatant solution Ppt. (8.6), 480 TDU 
Add (NH,).S80, to 30% satura- en: 
tion; let stand 20 min.; centri- hy 
fuge dre 
Supernatant solution (diseard) Ppt. (10), 240 TDU phi 
] 
The purification (TDU/BU) obtained in a representation run is indicated in- - 


parentheses after various fractions; the TDU recovered are also indicated. 
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There was no indication that any of these compounds can participate in 
the tryptophan desmolase-catalyzed reaction. Tatum and Bonner (2) 
obtained similar results in experiments with resting mycelium. 

Coenzyme of Tryptophan Desmolase—Umbreit, Wood, and Gunsalus (3) 
demonstrated that preparations obtained from frozen aged Neurospora 
mycelium were unable to form tryptophan from indole and serine unless 
pyridoxal phosphate was added. It was also shown by these workers 
that the addition of pyridoxal phosphate to fresh mycelial extracts led to 
an increase in indole uptake and tryptophan formation. Umbreit ef al. 
(3) accordingly suggested that pyridoxal phosphate is the coenzyme of 
tryptophan desmolase. The results of several additional experiments sup- 
port this view. Preparations obtained by the ammonium sulfate frac- 


2 

2 
C15 

| 
3 
wo 
= 70 75 80 

pH ug pyridoxal phosphate 
Fia. 3 Fia. 4 


Fig. 3. pH-activity curve of tryptophan desmolase. 
Fic. 4. Pyridoxal phosphate saturation curve. 


tionation procedure described in this paper are inactive in the absence of 
pyridoxal phosphate. This is shown in the pyridoxal phosphate satura- 
tion curve in Fig. 4. It is evident from this curve that indole uptake is a 
function of the pyridoxal phosphate concentration. Pyridoxal phosphate 
could not be replaced by pyridoxamine phosphate. 

Since carbonyl-trapping agents are known to be effective inhibitors of 
enzymes requiring pyridoxal phosphate as the coenzyme, the effect of 
hydroxylamine on tryptophan desmolase activity was investigated. Hy- 
droxylamine effectively inhibits the activity of crude extracts in the pres- 


— ence (see Table IT) and in the absence of additional pyridoxal phosphate. 


ed in 


These results confirm the conclusion of Umbreit e? al. (3) that pyridoxal 
phosphate is the coenzyme of tryptophan desmolase. 

Inhibition Studies—Various substances were tested for inhibition of 
tryptophan desmolase. The results are summarized in Table II. Zn**, 
Cot+, CN>-, hydroxylamine, and tryptophan were found to be effective 
inhibitors of tryptophan desmolase. The metal-binding agent, 8-hy- 
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In other 
experiments, it was found that acid-hydrolyzed casein inhibits tryptophan 


droxyquinoline, was without effect at the concentration tested. 
desmolase activity. Nason (9) reported similar results with some of these 
substances. 

Kinetics—Experiments were performed to determine the effect of indole 
concentration on the velocity of the tryptophan desmolase-catalyzed _re- 
action. A purified enzyme preparation was employed in the presence of 
excesses of serine and pyridoxal phosphate. The results of a typical ex- 
periment are shown in Fig. 5. It is seen that at the three highest initial 


indole concentrations tested the velocity is essentially zero order. The 
Tasie Il 
Inhibition of Tryptophan Desmolase 
Addition Final concentration Per cent inhibition 
NH,Cl 0.19 32 
0.37 46 
0.74 70 
1.1 83 
L-Tryptophan 1x 30 
2x 10° 50 
Hydroxylamine 1x 
1x 10° 36 
Zn** 1x 10° 70 
Co** 1x 38 | 
Mg** 1 xX 0 
Mn** 1 xX 10°° 0 
1x 10" 0 


8-Hydroxyquinoline 


velocity at the lowest initial indole concentration shows neither a zero og, 


order nor a first order relationship. bog! 
Before carrying out kinetic experiments with various serine concentra- “2% 
tions, the partially purified tryptophan desmolase preparations were tested ~_ 
for serine deaminase activity and considerable activity was detected. 
This Neurospora deaminase appears to have different cofactor require-| 902 
ments from the Escherichia coli deaminase (10), since glutathione and 
adenosine-5-phosphate are without effect while pyridoxal phosphate stimu- 
lates production of pyruvate and ammonia. <A separate publication will 
describe the properties of the Neurospora deaminase. It was possible to 
remove serine deaminase activity by refractionating partially purified 
tryptophan desmolase preparations at low ammonium sulfate concentra-| |! 
tions. 
These preparations, free of serine deaminase activity, were used to deter- a 


mine the effect of serine concentration on the velocity of the tryptophan 
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Fic. 5. The effect of indole concentration on the tryptophan desmolase-catalyzed 
reaction. Initial indole concentrations are indicated after the curves. 
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desmolase-catalyzed reaction in the presence of excesses of indole and 
pyridoxal phosphate. The average K,, value for serine’ was found to | J) 
be 6 X 10-*m. Plots of log a/(a — x) against time from one experiment 
are shown in Fig. 6 and a Lineweaver-Burk plot (11) of these data is 
shown in Fig. 7. 

The results obtained with the two substrates of tryptophan desmolase, 
indole and serine, indicate that this enzyme has a much greater affinity 
for indole than it has for serine. This may be indicative of a two-step 
reaction on the enzyme surface, with the first reaction leading to the for- 
mation of an active form of serine. In this connection it should be men- | 4, 
tioned that the activity of mixed fractions was never more than the sum | oy, 
of the activities of the fractions when tested separately. This evidence, | ., 
although by no means conclusive, suggests that only one enzyme is re- gy), 


sponsible for tryptophan desmolase activity. by 
SUMMARY pe 


Preliminary to enzyme studies with tryptophanless mutants, tryptophan | of 
desmolase from the wild type Neurospora was investigated. The pH | «p, 
optimum of this enzyme was found to be 7.8. A purification procedure | 4), 
was developed which gives between 12- and 20-fold purification. A num- | jey 
ber of compounds tested as possible substitutes for serine were inactive. | 
3-Indolepyruvic acid was not converted to tryptophan by active trypto- | of 
phan desmolase preparations. Evidence was obtained, in agreement with | |ir 
the results of other workers (3), suggesting that pyridoxal phosphate is ap 
the coenzyme of tryptophan desmolase. The kinetics of tryptophan des- po 
molase were investigated and a K,, value of 6 X 10-* M was obtained for | the 
L-serine. Zero order kinetics were obtained at most of the indole con- por 
centrations tested. The following substances were found to be effective | mj, 
inhibitors of tryptophan desmolase: Cott, Zn*++, CN-, hydroxylamine, tio 


and tryptophan. to 
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for- Strong and coworkers reported the isolation and partial characteriza- 
nen- | tion of a new antibiotic (antimycin A) having the properties of a nitrog- 
suM | enous phenol and a probable empirical formula of C2sH gO N:2 (2), and 
nce, | showed that its biological properties included inhibition of the rat liver 
3 re-  succinoxidase system (3). This enzyme system was markedly inhibited 
by concentrations of antimycin A as low as 2 X 10-* m. Moreover, the 
per cent inhibition depended upon the concentration of tissue, when studied 
_ in the manner recommended by Ackermann and Potter (4). When some 
ahan | of the components of the succinoxidase system were studied, it was found 
PH | that antimycin A had no effect on cytochrome oxidase activity, while 
dure | succinic dehydrogenase was only partially inhibited at considerably higher 
lum- | Jevels of antimycin A (3). 
tive.| The present report deals with the further investigation of the action 
Pto- | of antimycin A on enzyme systems in vitro and was undertaken as a pre- 
with liminary to in vivo studies of the type proposed earlier (4). Antimycin A 
te 18! appears to be a fairly selective inhibitor for an electron transport com- 
des- ponent that has been studied by a great many investigators in terms of 
1 for | the same general phenomenon, namely, inhibition of over-all electron trans- 
con- | port systems without inhibition of the components at either end. This 
"tive | middle component, which appears to be involved in cytochrome c reduc- 
nine," tion, has been extensively studied by Slater (5, 6) and is currently referred 
to as the “Slater factor.” However, since the complete identity of the 
factors cannot be assumed, we shall use the term “antimycin A-blocked 
factor” to denote the hypothetical component which is here involved. 
The reported findings may be of additional interest since antimycin A 
appears to be a selective and potent inhibitor and may prove to be a very 
- useful tool for further studies on the mechanism of electron transport. 


951). EXPERIMENTAL 
| Materials and Methods 
All experimental work reported in this paper is based on the measure- 
ment of oxygen uptake in a conventional Warburg apparatus at 38°. 


_ * This work was supported in part by a grant from the Jonathan Bowman Fund 
on ~ | for Cancer Research. A preliminary report has appeared (1). 
t Postdoctoral Fellow in Oncology. 
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Normal tissues were taken from male albino rats between 3 and 6 months] of 
of age, obtained from the Holtzman-Rolfsmeyer Company of Madison.}| jp 
Tumor-bearing animals were females of the same strain, subcutaneously] gy 
implanted with Flexner-Jobling carcinoma at the age of 5 weeks.'. The} # 
tumor tissue was taken for experiment 10 or 11 days after transplanting.| jy 
All tissues were homogenized in water or isotonic KCl, with a pestle} a¢ 
homogenizer (7). in 

The same solution of pure, crystalline antimycin A (100 y per ml. in pl 
95 per cent ethyl alcohol) was used throughout and dilutions in 50 per cent] ay 
alcohol were made as required. There is no evidence that the stock solu-] jy 
tion declined in activity during 4 months storage at 4°. The antimycin A] Jo. 
in 5O per cent alcohol was always added to the flasks in a volume not greater 
than 0.05 ml. and additional 50 per cent alcohol was added to make the 
final volume of alcohol 0.05 ml. The same volume of 50 per cent alcohol 
was also added to control flasks, although this small quantity of alcohol 
showed no appreciable toxic effects. 

Two oxidative systems were used. The succinoxidase system was em- 
ployed as described by Schneider and Potter (8), with water homogenates. 
The total Krebs cycle system, operating under conditions that result in 
oxidative phosphorylation, was employed as described by Potter ef al. 
(9), with isotonic KC] homogenates of rat tissues. Various substrates 
were added at a level of 15 um per flask in the usual 3 ml. volume. 


Results 


Succinoxidase System in Rat Liver—The effect of antimycin A on the 
succinoxidase system was studied according to the procedure of Acker- 
mann and Potter (4); three concentrations of tissue were used in the absence | 4, 
of inhibitor to establish the control rate. Preliminary trials were carried 
out to find appropriate levels of antimycin A in relation to tissue concen: | th 
tration, and series of trials were made with three levels of antimycin A, | see 
each tested with a minimum of four concentrations of tissue. The oxygen jj 
uptake was measured for 40 minutes and the average per 10 minutes was} jp! 
noted. The usual experiment involved seventeen flasks with tissue and} Fy 
antimycin A varied as in Fig. 1, in which the results for a representative’ dy 
experiment are given. These data support the results obtained by Strong| ex; 
and coworkers (3), who found “unexpectedly great inhibition at the lowest | be 
homogenate levels.” It is apparent that the results shown in Fig. 1 do of 
not correspond to either the reversible or the irreversible type of inhibition | ¢jt 


wil 


' We are greatly indebted to Dr. F. M. Strong for generously providing the anti- 
mvyein A for these studies, to kh. R. Squibb and Sons for the evtochrome ¢, and to 
Dr. G. A. LePage for the tumor tissue as well as chromatographically purified adeno- | be 
sinetriphosphate (ATP). ex 
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of the simple types observed previously (4), since the curve for a reversible 
inhibitor should be a straight line through the origin and the curve for 
an irreversible inhibitor should be a straight line parallel to the control. 
However, the curves in Fig. | are understandable in terms of an irreversible 
inhibition of a component that is either originally present in excess or is 
accompanied by other components that are preferentially titrated by the 
inhibitor. The curves in Fig. 1 suggest that the degree of inhibition is 
purely a function of the ratio between the amount of antimycin A and the 
amount of tissue, and this interpretation is verified by plotting the data 
in terms of the Qo, observed at various ratios of inhibitor to tissue, regard- 
less of the absolute values of each. This has been done in Fig. 2 with 


60, 
so} 50 
° 
4+ 
20 
20F lor 
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MG. RAT LIVER RATIO “Tissue TRAT LIVER G 
Fria. 1 Fia. 2 


Fic. 1. Effeet of antimycin A on the oxygen uptake in the succinoxidase system 
with rat liver homogenate as source of enzyme. 

Fic. 2. Variation of Qo, (microliters of O; per mg. of dry weight of tissue per 
hour) of the succinoxidase system with the ratio of inhibitor to rat liver tissue. 


the same seventeen points presented in Fig. 1. From Fig. 2 it may be 
seen that the initial increments of antimycin A produce little or no in- 
hibition of the system, while at a critical ratio of inhibitor to tissue the 
inhibition produced by small increments of antimycin A is very great. 
From Fig. 2 it is also seen that the amount of antimycin required to pro- 
duce 50 per cent inhibition of the rat liver succinoxidase system in this 
experiment was approximately 2.2 y per gm. of liver. This number may 
be called the antimycin titer of the tissue. In six successive experiments 
of this form, the same type of curves was obtained and the antimycin A 
titers ranged from 1.02 to 3.03 y per gm. of liver (mean value 1.71, standard 
deviation 0.71). 

While it is clear that the degree of inhibition is a function of the ratio 
between the amount of antimycin A and the amount of tissue in a given 
experiment, the ratio is so small that the antimycin A must react with 


wen- | 

| 


290 INHIBITION BY ANTIMYCIN A 


some enzyme component with a high degree of selectivity, and one might 
anticipate that the antimycin titer would depend upon the amount of 
enzyme present. However, the Qo, in this reaction system is not neces- 
sarily a direct function of the amount of the antimycin A-blocked factor, 
and is more likely to be a measure of the succinic dehydrogenase or cyto- 
chrome b concentration. In the six samples of liver studied, there was 
no correlation between the level of antimycin A and the Qo,, possibly be- 
cause the Qo, varied within narrow limits.? 

Succinoxidase System in Various Tissues—The correlation between anti- 
mycin A titer and Qo, was also tested in a variety of tissues, in which the 
Qo, for the succinoxidase system varies over a wide range (8). This was 
done in experiments similar to that represented in Fig. 1 with eight addi- 
tional rat tissues, including the Flexner-Jobling transplantable carcinoma, 
and it was found that results similar in form to those in Fig. 1 were obtained 
when appropriate levels of antimycin A were used. Since the succinoxidase 
content of these tissues varies over at least a 10-fold range, the data have 
been plotted in terms of the per cent inhibition versus the ratio of antimycin 
A to tissue (Fig. 3), in order to bring data having the form shown in Figs. 
1 and 2 into the same scale. In Fig. 3, each curve represents a single 
tissue homogenate, although spleen and lung samples were pooled from two 
animals and thymus from three. The experiments involved several con- 
centrations of each tissue at different antimycin A ratios, and were pre- 
ceded by trials to establish the appropriate levels for each tissue. Five 
successive experiments were carried out with the Flexner-Jobling car- 
cinoma, as an example of a tissue with a low succinoxidase content. The 
antimycin titer of this tissue varied between 0.45 and 0.65 y of antimycin A 
per gm. (mean value 0.52, standard deviation 0.07). Two samples of 


Walker 256 carcinosarcoma had antimycin A titers of 0.29 and 0.28 y per 
gm. These low values for tumor tissue are similar to those obtained with | 
lung, spleen, and thymus (Fig. 3) and in marked contrast to the values of | 
8.8 and 3.2 y per gm. for heart and kidney. 

The data in Fig. 3 give the antimycin A titer per gm. of wet tissue and 
do not show the relation between antimycin titer and succinoxidase ac- 
tivity. This relationship is brought out in Fig. 4, where the same data 
are plotted on the basis of succinoxidase activity in control flasks, ex- 
pressed as oxygen uptake per 10 minutes, instead of on the basis of wet | 


2 Another way to test this relationship is to age the homogenate sufficiently to 
decrease the Qo,. A liver homogenate was tested after 0, 1, and 3 days storage at 
4°. Although the succinoxidase Qo, dropped from 63.5 to 57.3 and 32.3, the antimy- 
cin A titer did not decline but increased from 1.02 to 1.12 and 1.29 y per gm. A see- 
ond experiment gave similar results. The lack of correlation in this experiment 
has several possible explanations and is considered of less significance than the ex- 
periments reported in the next section, which were all done with fresh homogenates. 
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weight of tissue. It is apparent that the wide divergence among tissues 
is greatly reduced. When the five experiments with Flexner-Jobling car- 
cinoma were plotted in this manner, the divergence between curves for this 
one tissue was almost identical with the divergence obtained with nine 
different tissues in Fig. 4. A slightly smaller spread was obtained when 


% INHIBITION 


INHIBITOR (ANTIMYCIN, Gx10°) 


TISSUE {Gi 
Fia. 3. Titration of the succinoxidase activity of various rat tissues by anti- 
mycin A, plotted on the basis of tissue weight. 


20 28 
INHIBITOR (ANTIMYCIN, GxI02) 
RATIO AcTiviTY (jul. Oo PER MIN. CONTROL) 


Fic. 4. Titration of the succinoxidase activity of various rat tissues by anti- 
mycin A, plotted on the basis of the enzyme activity in the absence of inhibitor. 


six experiments with liver were plotted in this manner. The results show 


that the antimycin A titer of rat tissues runs roughly parallel to their 


succinoxidase activity. These data are interpreted in terms of a fairly 
specific interaction between antimycin A and an electron transport compo- 
nent, with relatively little interaction with non-specific tissue components. 
This interpretation is supported by the small magnitude of the effective 
concentrations of antimycin A. 

Reversal of Antimycin A Inhibition—It was noted that when the levels 
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of antimycin A in the mouse liver succinoxidase system produced from 20 
to 80 per cent inhibition the rates were not steady but tended to drift 
upwards. Further study revealed that this phenomenon also occurred to 
a smaller extent with rat liver homogenates. Fig. 5 is an example of such 
an experiment in which several levels of the inhibitor were in the range in 
which such a reversal of the inhibitor could be noted. In this case anti- 
mycin A probably acts as a pseudoirreversible inhibitor (4), since it appears 
to combine with the enzyme in a dissociable complex having a dissociation 
constant small enough to make the degree of inhibition dependent upon 
the enzyme concentration. The simplest explanation for the reversal 
is that small amounts of free antimycin A were metabolized in liver ho- 
genates. 

The rate of inactivation of antimycin A by liver homogenates was cal- 
culated on the assumption that under these conditions an enzymatic de- 
struction took place by means of a first order reaction 


Antimycin A a_i inactive products (1) 


Then if to is the time at which the concentration of antimycin A has 
fallen from its initial value of co to a value of cso, when 50 per cent inhibition 
of succinoxidase activity is obtained 

k 

login = logw co + bee (2) 
Hence a plot of logio co against ts9 should be a straight line of slope 
k/2.303 and intercept logiy ¢so. The ts values obtained by plotting the 
data shown in Fig. 5 in the form of variation of per cent inhibition with 
time gave the corresponding straight line shown in Fig. 6, when plotted 
in accordance with Equation 2, and k was evaluated as 0.010 min.~'. 
There appeared to be considerable variation in this constant, for a sub- 
sequent determination gave a value of 0.002 min.~'. Both of these values 
for rat liver homogenates are small when compared to values for / of 
0.041 and 0.039 min.~' obtained with mouse liver homogenates. The plot 
of the data from which one of these values was derived is also shown in 
Fig. 6. With rat heart or tumor homogenates, or when antimycin A was 
incubated in the absence of tissue, no loss of antimycin A was evident. 


The rate of metabolism of antimycin A by rat liver homogenates was _ 
greater in the ATP-fortified system, as will be shown in a later section. — 
The factors involved in the metabolism of antimycin A have not been — 


investigated and the present observations merely record the rates at which 
reversal of inhibition occurred under the specified condition. 


Site of Action in Succinoxidase System—The finding by Strong and co- | 
workers (3) that antimycin A did not inhibit cytochrome oxidase was_ 
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confirmed. The same report showed that antimycin A inhibited succinic 
dehydrogenase, as measured in Thunberg tubes, but only at levels about 
500 times greater than those required to inhibit the over-all system. In 
the present work, a manometric method was used to study the effect of 
antimycin A on succinie dehydrogenase, since the rapidity of action could 
be more conveniently studied. The addition of methylene blue or some 
other suitable oxidation-reduction indicator, such as brilliant cresyl blue, 
makes it possible to by-pass cytochrome c, cytochrome oxidase, and the 
eytochrome reducing factor to a considerable extent; hence the measure- 
ment of oxygen uptake is largely an assay for succinic dehydrogenase or 


100 


leo MIN 


TIVE MIN 
Fic. 5 Fia. 6 


Fia. 5. Reversal of the inhibition caused by graded levels of antimycin A in the 
succinoxidase system. 15 mg. of rat liver homogenate in each flask. 

Fic. 6. Variation of initial concentration of antimyein A, co, with time, t,o, at 
which 50 per cent inhibition of the succinoxidase activity of liver homogenates is 
obtained. 


cytochrome b (10, 11). Fig. 7 shows the effect of antimycin A on the sys- 
tems with and without brilliant cresyl blue. The data also show that 
the antimycin A is rapidly effective, since the first 10 minute reading 
after the addition shows as great an effect as the subsequent reading. 
Similarly, upon addition of dye the relief of the inhibition is prompt. 
These data, which were confirmed by studies with other dyes, support 
the previous findings and suggest that the antimycin A-blocked factor is 


_ probably the same as the Slater factor, since succinic dehydrogenase, cyto- 
- chrome c, and cytochrome oxidase appear to be unaffected? The Slater 
factor is said to act between cytochrome b and cytochrome c¢ in the sue- 


cinoxidase system, between diaphorase and cytochrome ¢ in DPN (di- 


* The conclusion that eytochrome ¢ is not affected is based only upon the facet 
that the inhibition by antimycin A is dependent upon tissue concentration in sys- 
tems in which cytochrome ¢ is held constant. 
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phosphopyridine nucleotide) systems, and forms a link between cytochrome 
b and diaphorase (6,12). In order to check the specificity of antimycin A 
for these components of the succinoxidase system we asked Dr. A. M. 
Pappenheimer, Jr., to test the action of antimycin A on his preparation 
of purified diphtherial succinic dehydrogenase, which combines the proper- 
ties of succinic dehydrogenase and cytochrome b (13). We are indebted 
to Dr. Pappenheimer for the information that even large amounts of 
antimycin A (34 y) had no effect on the oxidation of succinate by 03 
ml. of this enzyme preparation (267 ul. of O, per ml. per 15 minutes). 
These data support the conclusion that a factor exists between cytochrome 
b and cytochrome c, as postulated by Slater, and that this factor is in- 
hibited by antimycin A. Since this factor may be involved in a number 
of oxidations, further experiments were undertaken with other systems. 

Krebs Cycle Phosphorylative Oxidation System—The rdle of the Slater 
factor in the oxidative phosphorylation mechanisms in mitochondria has 
never been defined and it is thus of considerable interest to find that the 
antimycin A-blocked factor is necessary for the Krebs cycle oxidations. 
When 1.2 X 10~-* gm. of antimycin A was used with 90 mg. of rat liver per 
flask, the oxidation of 15 um of a-ketoglutarate, fumarate, malate, pyruvate, 
citrate, and cis-aconitate was completely prevented. However, the en- 
dogenous rate of oxidation appeared to be largely unaffected. 

In contrast to the results with the other members of the Krebs cycle, 
succinate oxidation, though inhibited initially, eventually occurred and 
continued until approximately sufficient oxygen was taken up to convert 
the succinate to fumarate. Thus in Fig. 8 the areas under the antimycin A 
curves correspond to approximately 12.2, 13.3, and 12.0 um of substrate. 
The area under the control curve is much greater owing to the fact that 
here the succinate is oxidized much more completely via the stages of the 
Krebs cycle. These data are interpreted in terms of the data in Fig. 5, , 
in which the succinoxidase system in liver homogenates was shown to be 
capable of a return to activity following a period of inactivity. In Fig. 8 
the same phenomenon occurs, but the rate declines again because less suc- 
cinate is present. The succinic enzyme is the only member of the Krebs 


cycle enzymes that is not inactivated by incubation at 38° under condi- 
tions in which no oxygen uptake occurs; hence the oxidation of succinate | 
cannot proceed beyond fumarate after release from the antimycin A in- | 
hibition. The other members of the cycle require the maintenance of 
phosphate bond energy for the maintenance of oxidation and disintegrate 
in the absence of oxygen uptake under these conditions. 

Experiments with graded levels of antimycin A showed that, as in the | 
succinoxidase system, initial increments were without effect on the total 
Krebs cycle system, while later increments produced complete inhibition. 
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The ratio of antimycin A (gm. X 10~*) to tissue (gm.) at 50 per cent 
inhibition of succinate oxidation in the ATP-fortified system had mean 
values of 2.8, 4.2, and 11.1 for liver, kidney, and heart homogenates re- 
spectively. These values compare with 1.7, 3.2, and 8.8 respectively for 
succinate oxidation in the succinoxidase system. 

The rate of metabolism of antimycin A in the ATP-fortified system was 
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Fic. 7. Effect of antimycin A on succinoxidase and succinic dehydrogenase 
activity. The constituents added from the side arm were antimycin A, 1.5 X 10-* 
gm., and brilliant cresyl blue (BCB), 1.0 X 10°? mu. In Curves 1 to 3 cytochrome c 
(2.7 X 10°? um) was present. 20 mg. of rat liver in each flask and other additions as 


in text. 


Curve No. Components at zero time Addition at arrow 
1 Succinoxidase Antimycin A 
2 + BCB 
3 ™ + antimycin A BCB 
4 " + BCB (no cytochrome c) Antimycin A 
5 . + antimycin A (no cytochrome c) BCB 


Fic. 8. Effect of antimycin A on the oxidation of 15 um of succinate in a system 
fortified with adenosinetriphosphate. 


calculated from data such as those shown in Fig. 8. On the assumption 
that the antimycin A level had fallen from its initial value to an unknown 
but constant value at the peak of the three inhibited curves, values of 
0.046 and 0.042 min.~' were obtained for / from the data of Fig. 8. Two 
further sets of experiments with different rat liver homogenates gave mean 
values for k of 0.032 and 0.049 min.~'. These values show that the rate 


_ of antimycin A metabolism by rat liver homogenates is substantially in- 
- ereased when phosphorylating systems are present. 


Other Oxidative Systems—The effect of antimycin A on a glycolytic sys- 
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tem was tested with 30 mg. of Flexner-Jobling carcinoma under the exact 
conditions reported by LePage (14), who kindly assisted in the experiment. 
No inhibition was seen at any level of antimycin A used (up to 4 x 10° 
gm.). Since the antimycin A-blocked factor appeared to be the same as 
the Slater factor, a series of experiments was carried out with systems that 
involve the oxidation of redueed DPN. The preliminary experiments by 
Dr. Pappenheimer, referred to earlier, included direct spectrophotometric 
measurements of the oxidation of reduced DPN in the presence of a Keilin- 
Hartree preparation from pigeon heart muscle. Antimycin A produced 
98 per cent inhibition at a level of only 34 mygm. per vessel. In our labo- 
ratory the malic dehydrogenase system (15) was employed, and it was 
found that, when heart homogenates were used, inhibition occurred at 
the same levels of antimycin A as were required in the succinoxidase 
system; however, the maximum inhibition could not be increased above 
80 per cent, even at very high concentrations of inhibitor. Moreover, when 
kidney, liver, or tumor homogenates were used, the inhibition was 25 per 
cent or less. Further experiments with the glycolytic system as a source 
of reduced DPN gave similar findings, which are receiving further at- 
tention. 


DISCUSSION 
It would appear that antimycin A may be a very useful inhibitor for 


the further study of the mechanisms of hydrogen transport and the cO- 


ordinated phosphorylations. In addition to being quite specific the in- 
hibitor is effective in very small amounts. In all systems studied the 
degree of inhibition depended upon the amount of enzyme present. The 
inhibition can be shown to decrease slowly with time in enzyme systems 
obtained from liver. This result is attributed to an enzymatic inactivation 


of antimycin A in liver, since the release of the inhibited system was not _ 


seen with other tissues. 

The “antimycin A-blocked factor” can be localized to a considerable 
extent on the basis of the fact that it does not inhibit sueccinie dehydro- 
genase, cytochrome 6, cytochrome c, cytochrome oxidase, DPN, or the 
coupled dehydrogenases in glycolysis, yet strongly inhibits the over-all 


succinoxidase system, the reduction of cytochrome ¢ by reduced DPN | 


in certain preparations from heart muscle, and the oxidations of the Krebs 
cycle in isotonic homogenates. These findings suggest that the factor 
may be identical with the “Slater factor”, and the fact that the oxidative 
phosphorylation system of the Krebs cycle is completely inhibited shows 
that the factor is implicated in this system. The occurrence of a large 
fraction of an antimycin A-insensilive pathway for DPN oxidation in cer- 
tain tissues is of interest, since to our knowledge previous evidence has 
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given no indication of two pathways between reduced DPN and cyto- 
chrome c. 


SUMMARY 


1. The reported inhibition of the succinoxidase system in liver by anti- 
mycin A was confirmed and was shown to depend upon the ratio of in- 
hibitor to tissue in this and eight other rat tissues. 

2. The oxidations of the Krebs citric acid cycle in several tissues as 
well as the reduction of cytochrome ¢ by reduced DPN in certain prepara- 
tions from heart muscle were also inhibited. 

3. The quantity of the antimycin A-blocked factor contained in nine 
different rat organs or tissues was roughly proportional to their succinoxi- 
dase content. 

4. Antimycin A appeared to be slowly metabolized in homogenates of 
rat or mouse liver, since succinoxidase activity returned with time when 
critical levels of inhibitor were used. 

5. On the basis of a failure to inhibit numerous components of the 
oxidation systems and certain other common features, the antimycin A- 
blocked factor was tentatively identified with the Slater factor. The oe- 
currence of an antimycin A-tnsensilive electron transport mechanism also 
involved in DPN oxidation was noted. 
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RESPONSE OF ALKALINE PHOSPHATASE OF RAT LIVER TO 
PROTEIN DEPLETION AND INANITION* 
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Wits THe Assistance or Joan W. Zerpe AND Beatrice G. Novack 


(From the Harrison Department of Surgical Research, School of Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 5, 1951) 


It is widely accepted that gain and loss of liver protein are accompanied 
by parallel changes in the enzyme activity of the organ, suggesting that 
enzyme proteins participate non-specifically in the dynamic equilibrium 
of protein in general. Differences in the degree of response of individual 
enzymes under identical nutritional conditions can usually be explained 
in terms of different rates of breakdown or regeneration of the morpho- 
logical units with which the enzyme is associated. In a few instances, 
however, the level of enzyme activity appears to be controlled by factors 
acting upon the individual enzyme rather than upon protein in general. 
Evidence for a relationship between activity level of hepatic arginase and 
protein catabolism of the animal has been presented in previous publi- 
cations (3, 4). Comparison of the results of other investigators (5, 6) 
with our own data (1) suggests the inference that the alkaline phosphatase 
content of rat liver decreases proportionally to the total liver protein in 
- complete inanition (5), remains constant on prolonged exposure to a low 

protein diet (6), and increases during 2 weeks of complete protein star- 
vation (1), although about equal amounts of liver protein are lost in these 
three states of nutrition. The most obvious difference between the two 
types of protein depletion, on the one hand, and fasting, on the other, lies 
in the absence of food consumption in the latter state. Since it is known 
that in the rat the alkaline phosphatase levels of the blood vary with 
food absorption (7), perhaps owing to the inflow of intestinal phosphatase 
via the lymphatics (8), it was thought possible that the high phosphatase 
content of the depleted liver might be of extrahepatic origin. Cloetens 
in 1939 (9) published experimental data to indicate that animal tissues 
contained two phosphatases which displayed maximum activity toward 
8-glycerophosphate at an alkaline range. Phosphatase I, the main com- 
ponent of normal rat liver, was strongly activated by magnesium salts 


* This study was carried out under contract between the Department of the 
Army and the University of Pennsylvania. Preliminary reports have appeared 
(1, 2). 

+t Harrison Fellow in Surgical Research. 
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and not inhibited by cyanide, whereas phosphatase II, the predominant 
type in most other rat tissues and in blood plasma, was highly sensitive 
to cyanide poisoning and but little activated by magnesium ions. Cloetens’ 
idea of considering the differential behavior of crude alkaline phosphatase 
extracts from various organs as exclusively due to the presence of alkaline 
phosphatases I and II in different proportions has recently been refuted 
by Bodansky (10). Nevertheless the differences between liver and plasma 
phosphatases described by Cloetens seemed to us sufficiently pronounced 
to serve as a useful tool for exploring the cause of the increased hepatic 
phosphatase levels in protein-depleted rats. From the data reported in 
the following sections it will be seen that this increase was accompanied 
by increased sensitivity to cyanide poisoning and diminished acceleration 
by magnesium ions, whereas the loss in hepatic alkaline phosphatase on 
fasting was not associated with alterations in the response pattern to 
ions. 


EXPERIMENTAL 


Young adult male rats from the colony of the Wistar Institute were 
fed a semisynthetic, 18 per cent casein containing diet until their body 
weight approximated 250 gm. One group was then immediately used for 
enzymatic assays, while other groups, prior to analysis, were either fasted 
for 1 week or fed a semisynthetic, protein-free diet for 2 weeks. The 
composition of the diets has been given previously (11). The body weight 
at the last day on the 18 per cent casein diet will be referred to as initial 
body weight. 

Enzyme assays and chemical determinations were carried out upon ali- 
quots of a 20 per cent liver homogenate (glass homogenizer) in ice-cold, 
double distilled water as outlined previously (3). The homogenate was 
kept in the cold up to the time of enzyme assay, which usually was on the 
day of preparation, although storage up to 48 hours did not significantly 
alter the alkaline phosphatase activity. For the assay of plasma phos- 
phatase, blood was withdrawn from the abdominal vena cava or the heart 
into syringes moistened with heparin and transferred to chilled tubes, the 
cells centrifuged, and the plasma stored in the cold. If not used the same 
day, the plasma was immediately placed in the freezing compartment of 
a refrigerator. In agreement with others (12), it was found that the 
alkaline phosphatase activity of quickly frozen plasma remains constant 
for about a week. 

The technique of phosphatase assay followed closely that for adenosine- 
pyrophosphatase previously described (3) and only the composition of the 
assay system has to be discussed. In micro ignition tubes was placed 0.2 
ml. of the following: (1) 0.1 mM 2-amino-2-methyl-1 ,3-propanediol hydro- 
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chloric acid buffer (13), (2) 0.1 Mm sodium-8-glycerophosphate (Eastman), 
(3) 0.03 m magnesium chloride! or water, and (4) a suitable dilution of 
liver homogenate or plasma. The reaction mixture was incubated for | 
hour at 37°. <A tube to which the substrate was added after the reaction 
had been stopped by the addition of trichloroacetic acid was used as 
control. 

All pH determinations were made at room temperature (25°) with the 
glass electrode. For determinations at the end of the incubation period 
the tubes were briefly chilled before transfer of the contents to the beaker 
of the meter. To adjust the propanediol buffer to the desired pH a re- 
action system was set up in which the enzyme solution was replaced by 
its diluent, a mixture of 10 parts of 0.9 per cent sodium chloride solution 
and 2 parts of 1.3 per cent sodium bicarbonate solution. With the dilu- 
tions used in this study the presence of homogenate or plasma proved to 
have no significant influence on the pH of the reaction system. All en- 
zyme determinations, except those for the pH-activity curves, were done 
at pH 9.35 + 0.05. This required a stock solution of propanediol HCl 
buffer at about pH 9.6. In preparing stock solutions for activity measure- 
ments at values above pH 9.6, NaOH was substituted for HCl. In the 
range between 8.2 and 9.4 the pH did not shift by more than 0.1 unit 
during the period of incubation. At pH 7.4 and at 9.6 to 10.0 the shift 
amounted to 0.2 to 0.3 unit. Around pH 11 there was a decrease of about 
! unit. In the curves of Figs. 1 to 3 the activities were plotted against 
the means of the initial and terminal pH determinations. 

In selecting the proper dilution of plasma and homogenate samples 
with the saline-bicarbonate buffer care was taken that no more than 10 
per cent of the substrate was decomposed during the incubation period. 
Homogenates from protein-fed and protein-depleted rats were diluted 5 
times and 10 times respectively. With plasma, in general a 10-fold dilu- 
tion was used, except in some experiments with fasting or protein-starved 
animals in which a 5-fold dilution was more favorable for colorimetry. 
With these dilutions the decomposition of substrate usually did not exceed 
5 per cent. 

As in previous publications from this laboratory enzyme units are ex- 
pressed in terms of micromoles of reaction product formed per minute. 
Units per total liver per 100 gm. of initial body weight will be referred to 
as enzyme content, while those per gm. of liver protein, per gm. of liver 
wet weight, or per ml. of plasma are denoted as enzyme concentrations. 
By multiplying our data with the factor 1.86, rates in terms of mg. of 
phosphorus per hour (Bodansky units) may be obtained. 

‘Or 0.1 ml. of 0.06 a MgCl, solution and 0.1 ml. of 0.08 « KCN solution, the lat- 
ter adjusted to the desired pH. 
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Results 


Table I summarizes experiments concerning the effect of protein de- 
pletion upon the alkaline phosphatase levels of liver and plasma. Columns 
2 to 4 list data on the total activity in the presence of added magnesium 
ions, while Columns 5 and 6 indicate the relative activity in the absence 
of thisaddition. It is seen that protein depletion led to significant increases 
in both the enzyme concentration per gm. of liver protein and the total 
enzyme content of the organ, whereas the concentration per unit volume 
of plasma diminished. For a more direct comparison of liver and plasma 
concentrations Column 4 shows their ratio when both quantities were ex- 
pressed in similar terms, the tissue wet weight being taken as an estimate 
of volume. This ratio nearly tripled during protein depletion. Columns 
5 and 6 of Table I indicate that liver and plasma phosphatases, while 
normally activated to a different extent by magnesium ions, displayed 
identical responses in the depleted animal, owing to the increase of the 
magnesium-insensitive portion of hepatic phosphatase activity. In terms 
of enzyme content per total organ the normal and depleted livers, utilized 
for the data of Column 5, averaged respectively 2.00 + 0.138" and 4.41 
+ 0.474 units of magnesium-insensitive alkaline phosphatase, an incre- 
ment of 121 + 25 per cent due to protein depletion. The content of 
magnesium-sensitive hepatic phosphatase, on the other hand, decreased 
by 23 + 5 percent. Hence, the increase in the total alkaline phosphatase 
content of the depleted liver could be ascribed to the magnesium-insensitive 
portion; 7.¢., to a component that displayed some of the characteristics 
of plasma phosphatase. 

To test whether the apparent increase in the plasmatice type of phos- 
phatase was due to engorgement with blood, the left lateral liver lobes of 
two anesthetized, protein-depleted rats were ligated and excised and the 
remaining lobes perfused in situ (14) with 0.9 per cent sodium chloride 
solution. The magnesium-sensitive portion of alkaline phosphatase ac- 
tivity averaged 65 and 63 per cent in perfused and non-perfused specimens 
respectively, indicating that variations of the blood content were of no 
consequence. 

In Table II results of experiments are listed in which cyanide inhibition 
and magnesium ion activation of alkaline phosphatase are compared. It 
is evident that under all nutritional conditions the cyanide-sensitive por- 
tion of the total phosphatase activity of liver was of a similar order of 
magnitude as the magnesium-insensitive portion, while in plasma the former 
was somewhat larger than the latter. This is in accord with Cloetens’ 
characterization of phosphatase IT. 

In addition the data in Table IT show the differential responses of liver 
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phosphatase to protein starvation, on the one hand, and to fasting, on 
the other, as contrasted with the nearly identical losses in total liver 
protein obtained with these two procedures. In prolonged fasting of pre- 
viously protein-fed animals (Group B) there was no change in the sen- 
sitivity to cyanide and magnesium ions, while the total phosphatase activity 
decreased proportionally to the total liver protein. When protein-starved 
animals were exposed to fasting (Group E), the excessive quantity and 
altered response pattern of the hepatic phosphatase disappeared, whereas 
the protein content of the livers did not change significantly. Like the 
increase of the phosphatase content of the livers on protein starvation, 
the drop during the subsequent period of fasting was explicable by corre- 
sponding changes in the amount of the cyanide-sensitive, magnesium- 
insensitive component. It is of interest to note that the total phosphatase 
activity per gm. of liver protein in the fasted Groups B and E was of a 
similar order as in the protein-fed groups. Table II also shows that the 
phosphatase activity of plasma remained qualitatively unchanged in the 
different states of nutrition. The phosphatase concentration in plasma, 
however, was reduced to a greater extent by fasting than by protein 
starvation.* 

This could be seen more clearly when phosphatase determinations were 
made on samples of tail blood from individual animals of Group E at the 
last day of feeding and at various intervals during the subsequent period 
of fasting. Supplementary assays of hepatic phosphatase at sacrifice on 
the 2nd and 3rd days revealed, furthermore, that the plasma levels of the 
enzyme responded to fasting more rapidly than the liver levels. While 
the former dropped nearly 50 per cent in 1 day and then leveled off, the 
characteristic decreases in the amount and sensitivity of the hepatic en- 
zyme were not noticeable before the 3rd day. 

Figs. 1 to 3 show pH-activity curves of hepatic and plasmatic phospha- 
tases in different states of nutrition. The plasma curves in Fig. 1, charae- 
terized by a narrow optimum between pH 9.4 and 9.6, were quite similar 
to those obtained with human plasma by Shinowara, Jones, and Reinhart 
(12). The curves proved to be representative for plasma from both pro- 
tein-fed and protein-starved rats. Their shape was not materially altered 
by the presence or absence of magnesium ions. 

With liver homogenates from protein-fed animals (Fig. 2) a shallow 
maximum between pH 9.0 and 9.4 was seen in the presence of magnesium. 

* Owing to great individual variations of the plasma levels of alkaline phospha- 
tase, large experimental series are needed to reveal significant differences of group 
means. Repeated examinations of tail blood indicated that the plasma levels are 
comparatively constant in the individual animal. Likewise the percentage changes 
due to alterations in the dietary régime are fairly uniform in the groups. 
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This shifted toward pH 10 when magnesium was omitted. For a separate 
estimate of the pH dependency of the magnesium-sensitive phosphatase 
activity the differences between the values with and without magnesium 
were plotted against pH. The resulting curve showed a maximum at 
pH 8.8. At the alkaline side of the maximum this computed curve vir- 
tually coincided with an experimental curve obtained in the presence of 
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Fic. 1. Alkaline phosphatase of rat plasma. Mg and 0 denote activity in the 
presence and absence of added magnesium ions respectively. The curves are rep- 
resentative for plasma of both protein-fed and protein-depleted animals. 

Fic. 2. Hepatic alkaline phosphatase of protein-fed rats. Denotations as in 
Fig. 1. The points on curves Mg and 0 represent mean values of two to three ex- 
periments. The dotted curve, Mg-0, illustrates the increment in activity due to 
the addition of magnesium ions at different pH values. 
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Fic. 3. Hepatic alkaline phosphatase of protein-depleted rats. Denotations as 
in Fig. 1. 


magnesium and cyanide ions; 7.c., when magnesium-insensitive activity 
was suppressed. Below pH 8.8, however, the latter curve joined the Mg 
curve of Fig. 2, indicating that the inhibitory effect of eyanide vanished.‘ 
It is evident that at pH 8.3 a renewed rise of the magnesium-insensitive 
activity took place. From a pH-activity curve published by Kroon, 
Neumann, and Krayenhoff-Sloot (15), which covered the range from pH 1 
to 12, it appears that this rise represented the onset of “acid” phosphatase 


‘ This might be due, at least in part, to the fact that the concentration of cyanide 
ions decreases by 70 per cent between pH 8.8 and 8.3. 


act 
mt 
act 
po 
tha 
enz 
100 tot 
twe 
9.0 
ph 
ph 
me 
due 
the 
co 
dec 
cys 
of 
res] 
| diti 
the 
to 
fac 
| 
of 
sta 
ma 
ph 
| poi 
tha 
Ou 
Vat 
| shi 
(17) 


©. ROSENTHAL, J. C. FAHL, AND H. M. VARS 307 


activity. This is also supported by the fact that the rise was comparatively 
much smaller in homogenates from depleted livers (Fig. 3), in which the 
activity of most enzymes, with the exception of the magnesium-insensitive 
portion of alkaline phosphatase, is greatly diminished. Fig. 3 also shows 
that in homogenates from depleted livers, in which the latter portion of 
enzyme activity constitutes the major component, the maximum of the 
total alkaline phosphatase activity in the presence of magnesium was be- 
tween pH 9.4 and 9.9 instead of at the normal optimum between pH 
9.0 and 9.4. 


DISCUSSION 


Miller (16) recently reported increased concentrations of hepatic alkaline 
phosphatase in protein-depleted female rats and a slight rise in the phos- 
phatase content of the livers of male animals on a low casein diet supple- 
mented with gelatin. He commented that the two phenomena could be 
due to predominant localization of the enzyme in the more stable biliary 
component of the organ and to activation by catabolites of gelatin re- 
spectively. Our own experiments revealed that the pronounced rise in 
the phosphatase content of livers of protein-depleted male rats* was ac- 
companied by marked changes in enzymatic properties as manifested by 
decreased response to magnesium ion activation, increased sensitivity to 
cyanide poisoning, and a slight shift of the pH optimum in the presence 
of added magnesium ions. While in crude homogenates alterations in the 
response of a specific enzyme to activators and inhibitors could be con- 
ditioned by variations in the amount of non-specific tissue constituents, 
the simultaneous changes of three enzyme characteristics seem to point 
to an altered enzyme composition rather than to varying environmental 
factors. 

The phenomenon of augmented activity and altered response pattern 
of hepatic phosphatase and its reversal by fasting is not limited to protein 
starvation, but also occurs in protein-fed animals after partial hepatectomy 
(1,17). The decisive factor seems to be a reduction of the effective liver 
mass under metabolic conditions not operative in the state of fasting. 

A possible link between intestinal food absorption and excessive phos- 
phatase content of nutritionally or surgically reduced livers has been 
pointed out in the introduction. The proposed mechanism would imply 
that reduction of the metabolically effective liver mass results in impaired 
elimination of plasma phosphatase and its accumulation in the organ. 
Our experimental data support this interpretation to the extent that ele- 
vated phosphatase levels in the liver were invariably connected with a 
shift in the response to ions toward the plasmatie pattern. Flock and 


5 The differential response of female and male rats to protein starvation is known 
(17). 
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Bollman (8), however, reported that in the rat the daily elimination of 
alkaline phosphatase with the bile*® could not account for the amount 
released with the intestinal lymph during food absorption. To justify 
the mechanism proposed above, one would have to assume that the alka- 
line phosphatase of rat plasma is normally eliminated mainly by destruc- 
tion or inactivation in the liver rather than by excretion with the bile. 

It is also conceivable that the enzymatic changes originate in the liver 
itself, if there are two individual alkaline phosphatases, as Cloetens sug- 
gested, or two forms of the same enzyme, such as a free and a bound type. 
What causes the increased activity or the release of one of these components 
in protein depletion or following partial hepatectomy remains obscure. 
The only common factor in these situations is an increased fat content of 
the liver tissue. 

Increased alkaline phosphatase activity of liver tissue has been reported 
in a variety of apparently unrelated conditions, such as hormonal im- 
balances, poisonings, and growth processes. The qualitative alterations 
of the enzyme activity described here may furnish supplementary infor- 
mation on the interrelationship and mechanism of the quantitative re- 
sponses. The intracellular distribution of alkaline phosphatase activity 
in varying states of nutrition and growth is under study. 


SUMMARY 


During 2 weeks of protein starvation of rats the alkaline phosphatase 
content of liver increased by 28 per cent, whereas 43 per cent of the hepatic 
protein was lost. The increase in the enzyme content was associated with 
increased sensitivity to cyanide poisoning, diminished stimulation by mag- 
nesium ions, and a slight shift of the pH optimum in the presence of added 
Mg**. 

Fasting of normal animals, which reduced the alkaline phosphatase con- 
tent proportionally to the liver protein, did not affect the response pattern 
to ions, while fasting of depleted animals resulted in disappearance of the 
excessive phosphatase content and return of the response pattern to normal. 

The results suggest that there are two types of alkaline phosphatase 
in rat liver which respond differentially to changes in the metabolic state 


of the animal. Possible mechanisms have been discussed. 
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VITAMIN D AND CITRATURIA* 


By STUART A. BELLIN ann HARRY STEENBOCK 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 10, 1951) 


The high level of citrie acid in the urine of rachitic rats' suggested a 
study of the effect of vitamin D on citrate excretion. Such a study ap- 
peared particularly promising as an approach to investigations of the 
mechanism of action of vitamin D because of the well known buffering ca- 
pacity of citrates and their capability of forming soluble, non-ionized com- 
plexes with calcium (1-3). Furthermore, citrates are widely distributed 
in body fluids and tissues, particularly bone (4), and they can be produced 
metabolically in large amounts (5-7). Dietary citrates improve calcifica- 
tion in rats on certain rations (8-11), bone citrates are reduced in rickets 
(4, 12, 13), and the injection of citrate increases the amount of calcium 
excreted in the urine (14). If vitamin D were shown to affect citrate 
excretion directly, it would constitute circumstantial evidence for a mecha- 
nism of its action. If the effect were shown to be indirect, the necessity 
for further investigation of the réle of other factors which affect citrate 
production would be indicated. 

Our present project concerned itself with a determination of the influ- 
ence of vitamin D on citrate excretion in rats on both rachitogenic and 
normal rations. 


EXPERIMENTAL 


The experiments were carried out with young, Sprague-Dawley rats 
ranging in weight from 55 to 90 gm. in different series, though limited to 
a range of about 10 gm. in individual series, and with adult rats weighing 
approximately 300 gm. They were housed in wire screen metabolism 
cages and excreta were collected in 3 day periods. The urines were pre- 
served with toluene and aliquots were analyzed for citrate not later than 
3 days after collection. Fecal analyses were made on 10 per cent trichloro- 
acetic acid extracts. All analyses were made essentially according to the 
procedure of Pucher, Sherman, and Vickery (15). 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 

Supported by grants from the Wisconsin Alumni Research Foundation. 

We wish to express our thanks to Miss Faith M. Schwantes who assisted with 
some of the analyses. 

' Morris, P. G., and Steenbock, H., Am. J. Physiol., in press. 
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All rations were based on formulae used previously (16). Primarily 
they consisted of glucose (Cerelose) 67.0 parts, cooked egg white 18.0, 
cottonseed oil 10.0, roughage (Ruffex) 3.0, a calcetum-phosphorus-cit rate- 
free salt mixture 2.0, and a supplement of vitamins. 

The calcium-phosphorus-free salt mixture was composed of KCL 57.7, 
NaCl 20.9, MgSO, 17.9, FeSO,-7H.O 3.22, NaF 0.113, 0.078, 
0.04, 0.018, KE O.OL, CoCh-6GHLO 0.004, 

The following amounts of crystalline vitamins expressed in mg. were 
added to each kilo of ration: thiamine hydrochloride 4, riboflavin 5, pyri- 
doxine 5, nicotinamide 10, calcium pantothenate 28, p-aminobenzoie acid 
200, inositol 200, and choline chloride 500. In addition, a supplement of 
70 y of B-carotene, 105 y of 2-methyl-1 ,4-naphthoquinone, and 875 7 of 
a-tocopherol was supplied in cottonseed oil to each rat in three doses per 
week. When desired, vitamin D was given orally by svringe as a solution 
of calciferol in cottonseed oil. 

This basal ration was variously modified by substitutions and additions. 
With the former the glucose was reduced proportionately. In this manner 
0.54, 2.0, and 3.0 per cent CaCQOs, respectively were fed in Rations 23A, 
231, and 23H: 0.34 per cent CaSO, in Ration 23B; 0.54 per cent CaCO, 
plus 1.42 per cent phosphates in Ration 11A; 4 per cent Wesson’s salts 
(17) in Ration 11C,.and 1.42 per cent phosphates in Ration 11D. When 
NaHCO; and NH,CI were fed, they were added to the basal ration in the 
amounts indicated in Table IV. 

Phosphates, when desired, were supplied as a neutral equimolar mixture 
of KH.PO, and K,zHPO, Calcium salts were usually fed in suboptimal 
amounts to reduce the danger of lithiasis.' 


Results 


All the rations were consumed readily; for example, the daily intake of | 


the young rats ranged from approximately 8 gm. for Ration 23A to 11 gm. 
for the others. When an excessive amount of vitamin ID was given, as 
in Experiment 27, the daily consumption was reduced to 4.2 gm., with a 
resultant average loss in weight of 10 gm. weekly. 

The data on fecal citrate are limited to four young rats respectively on 
Rations 23A and 1A. Feces were collected from the 3rd to the 9th day 
before the administration of vitamin D and from the 10th to the 17th day 
when vitamin D (525 1.0.) was given. The daily output of citric acid was 
approximately 0.25 mg., irrespective of whether vitamin D was given or 
not. As this amount constituted only a few per cent of the total output, 
Which is in line with the observations of others (18, 19), the analyses made 
later were limited entirely to the urine. 
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The first experiments on the effect of vitamin D were restricted to low 
phosphorus rations because of the high level of urinary citrate previously 
obtained with such rations.'. The results are presented as the averages of 
3 day collections from not less than three rats each, as the daily elimination 
of citrate is known to vary considerably (20, 21). As will be seen from 
Table 1, physiological doses of vitamin D produced a definite increase in 


Taste I 
Effect of Vitamin D on Urinary Citrate, with Low P Rations 


Citrate per day per 100 gm. rat 


—— hy Ration Before vitamin D After vitamin D 
jed-9th day day 
meg. me. 
7 13.4 (10.1-19.8) 21.5 (14.8-31.3)* 
0.02% P 
0.22% Ca 
12 12 14.6 (9.0-21.5) 18.4 (10.7-26.6)t 
25 12 19.3 (14.8-27.3) 26.4 (19.5-38.2)% 
277 14.3 (8.0-21.9) 24.2 (13.3-35.2)§ 
231 
0.02% P day 2sth-28th day 
0.80% Ca 
13.8 (12.9-14.7) 23.5 (11.9-31.6) 
8-1 3 10.5 (8.6-11.7) 35.5 (31.8-37.6)© 


The figures in parentheses give the range in values. 

* Collections from 10th to 13th and 14th to 17th days. 25 to 150 iu. of vitamin 
D daily; total dose, 575 i.u. 

t 3) to 300 i.u. of vitamin D daily; total dose, 575 i.u. 

t Collections from 6th to 9th and 9th to 12th days only. 75 to 300i.u. of vitamin 
D given daily; total dose, 525 i.u. 

§ 65,000 i.u. of vitamin D daily. 

75 i.u. of vitamin D daily. 

© 200) iu. of vitamin D daily. 


urinary citrate. This occurred at two levels of calcium intake with the 
greatest increase at the higher level of intake. The response was no 
greater when excessive quantities of vitamin D (65,000 1.u. per day) were 
given. 

As the rats on these two rations were definitely rachitice after 9 days, 
their serum inorganic phosphorus being reduced to 2 to 3 mg. per cent and 
bone ash to approximately 35 per cent, some experiments were carried out 
in which the basal ration was supplemented with calcium and phosphorus 
at different levels. It was found (Table If) that the effeets of vitamin D 
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were even greater with these phosphate supplements and that frank rickets 
was not essential for this manifestation. Even with 4 per cent of Wesson’s 
salt mixture, which is generally accepted as adequate for all mineral re- 
quirements, a supplement of vitamin D produced a larger increase in citrate 
elimination than it did on the low phosphorus rations. For this large 
increase the high calcium content was apparently not essential because it 
also occurred with Ration 11D, which contained only 0.02 per cent of this 


II 
Effect of Vitamin D on Urinary Citrate, with Adequate P Rations 


No. 
peri | of | Ration Before vitamin D After vitamin D 
No. rats 
| 3rd-6th day | 6th-9th day 9th-12th day 12th-1Sth day 
ne. me. me. meg. 
8.3 6 11D 3.9 (2.3-5.1)1.3 (0.8-2.3) 6.2 (3.6- 9.2) 14.6 (9.5-17.4) 
0.30% P 
0.02% Ca | 
9 | 4/11A 8.4 (6.4-9.8)5.3 (4.8-5.8)/16.9 (9.4-20.7) 23.0 (18.0-26.6)* 
| 0.3% P | 
0.22% Ca 
26 12°: 11C | (1.0-4.6)|10.6 (3.7-24.6)t 
0.56% Ca 193rd-196th day | 196th-199th day | 199th-202nd day 202nd-20Sth day 
30t 4 0.8 oe (0.3-0.8)| 2.5 (1.8- 3.7) | 6.6 (2.2- 9.7) 


* Same as Table I. 

t These were adult rats weighing approximately 300 gm. They were started on 
Ration 11C at 56 gm. They were given 225 i.u. of vitamin D on the 199th day, 450 
on the 200th, and 900 on the 201st day. 

Same as foot-note, Table 


element. Furthermore the effect was not limited to the growing rat but 
could be produced in rats raised to maturity on a normal, vitamin D-free 
ration as well. 

Table IIT shows that, on low phosphorus rations, increasing the calcium 
intake increased the urinary citrate. ‘This increase may have been induced 
by the resultant increase in the potential basicity of the ration with the 
calcium carbonate additions. 

The important réle played by acid-base balance in determining the level 
of citrate exeretion is shown in Table IV. In these experiments a low 
phosphorus ration (2318) containing 0.1 per cent calcium as the neutral 
sulfate, with increasing amounts of NallCOs; and NEYCI, was fed without 
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serious interference with consumption. As has been reported frequently 
by others (5, 22, 23), alkalinity increased citrate excretion while acidity 
reduced it. It is noteworthy that vitamin D was effective in increasing 
the citrate elimination with both supplements. 


Taste III 
Effect of Different Levels of Dietary CaCO, without Vitamin D on Urinary Citrate 


Citrate per day per 100 gm. rat 


Experiment No. No. of rats. | Ration No. | 
| | day day 
| meg. mg. 
7 | 4 | wa | Of 16.6 10.4 
| 231 0.80 22.4 23.0 
| 


These rations were all basically low in P (0.02 per cent). 


TaBie IV 
ere Acidic and Basic Rations and Effect of Vitamin D on Urinary Citrate 


| Citrate per day per 100 gm. rat 


Additions to basal 
Experiment ration (Ration 23B; 


0.02 per cent P, 0.10 vitamin D After vitamin D* 
per cent Ca) | 
day | 6th-9th day | th-12th day 12th-15th day Isth-18th day 
| ~ | | me. 
13. None «4.9 4.9 | 6.5 3.8 5.2 
14 | 5% NaHCO, 38.1 | 50.9 33.9 21.6 
15 10% NaHCO, 41.1 es i ms 59.5 36.1 
16 0.277% NH.Cl 4.9 2.5 | 2.5 
17 0.5% “ 1.1 0.5 3.5 4.1 1.1 
18 107% “ 0.2 0.2 0.3 0.3 1.0 


The range in values i is 5 not presented because there were only three rats in each 
group, except in Experiment 15 in which there were two. 
* Same as foot-note,t Table I. 


SUMMARY 


The urinary citrate excretion of both young and adult rats was increased 
by the administration of physiological as well as excessive amounts of 
vitamin D. This effect was obtained with young rats which had been 
made rachitic on low phosphorus rations, with rats on low phosphorus 
rations made alkaline with NallCO, or potentially acidie with NHC, 
and with rats kept on a non-rachitogenic ration containing adequate 
amounts of calcium and phosphorus. While the level of citrate elimina- 
tion was highest on the low phosphorus rations, the increases due to vita- 
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min D were highest on rations which contained phosphates. With low 


phosphorus rations, dietary calcium also increased the urinary citrate. 
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THE THREONINE REQUIREMENT FOR GROWTH* 


By WILLIAM C. ROSE, ROGER E. KOEPPE,f ann H. JAMES SALLACII 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, August 27, 1951) 


In certain types of investigations involving the use of growing animals, 
one frequently finds a need for accurate information concerning the re- 
quirements of the organism for individual amino acids. Some 15 years 
ago, experiments were undertaken for the purpose of supplying data of 
this sort for the weanling rat. The procedure was to administer diets con- 
taining mixtures of highly purified amino acids in which the concentration 
of one was varied, while the levels of all others were kept constant. By 
including in the food liberal quantities of the non-essentials, the cells were 
relieved of the necessity of synthesizing the latter. Thus, for each indis- 
pensable amino acid the minimum percentage which is required for optimum 
growth was established under the dietary conditions then emploved in this 
laboratory. 

The results of these studies were summarized by one of us in 1937 (1). 
At the time, emphasis was placed upon the fact that the values were “‘to 
be regarded as strictly tentative.”” Furthermore, attention was called to the 
possibility that in experiments of this nature the composition of the basal 
diet, particularly with reference to the proportion of carbohydrate and 
fat which it contained, and factors such as the age, weight, and sex of the 
animals might modify the findings. 

The evidence upon which these tentative values were based was never 
published in full. In the meantime, systematic investigations directed 
toward the establishment of more favorable conditions for the growth of 
animals upon diets containing mixtures of amino acids revealed the neces- 
sitv of altering our basal ration in order to provide a more appropriate 
(lower) fat content, a better source of inorganic salts, and a more adequate 
supply of vitamins (ef. (2)). All of these modifications enabled the sub- 


* Aided by grants from the United States Public Health Service and the Graduate 
College Research Fund of the University of Illinois. 

The experimental data in this paper are taken from a thesis submitted by Roger 
k. Koeppe in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Biochemistry in the Graduate College of the University of Illinois. 

t Present address, Division of Chemistry, University of Tennessee, Memphis, 
Tennessee. 

t Present address, Department of Biochemistry, University of Colorado, Denver, 
Colorado. 
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jects to gain more rapidly. In view of this fact, and because of other 
considerations which need not be discussed at this time, one would not be 
warranted in assuming that minimum values determined under the older, 
less advantageous conditions are necessarily applicable to animals receiv- 
ing a superior diet. Consequently, reinvestigations of the minimum re- 
quirements of the rat for phenylalanine (3) and methionine (4) were con- 
ducted as the need arose for more accurate estimates. 

In connection with studies relating to the origin of certain non-essential 
amino acids, the results of which will be presented in subsequent papers, 
precise knowledge was desired as to the minimum amount of L-threonine 
which is capable of supporting optimum growth. The impression had 
existed for some time that, under the dietary conditions currently used, 
the original figure of 0.6 per cent (1) was probably too high. In order to 
acquire trustworthy information on this point, experiments upon a con- 
siderable number of animals were indicated. The methods employed in 
these tests and the results obtained are outlined below. 


EXPERIMENTAL 


Male weanling rats having initial weights of 42 to 53 gm. served as the 
subjects. Each was housed in a separate cage and was permitted to con- 
sume food and water ad libitum. All tests were continued for 28 days. 
The amino acids which furnished the nitrogen of the rations were purified 
invariably until they yielded correct analytical values. The .-threonine 
was a natural product which had been isolated from commercial blood 
fibrin by a modification of the procedure originally employed by McCoy, 
Meyer, and Rose (5). 

In Table I is shown the make-up of the basal diet. The amino acid 
mixture (Mixture XXIII-d) was identical in composition with Mixture 
XXIII (ef. (6)), which has been used extensively and is regarded as our 
standard, except that the former was devoid of threonine. The desired 
quantities of L-threonine were incorporated in the basal diet at the expense 
of the dextrin. Each diet was appropriately supplemented with vitamins. 
For this purpose, the quantities listed in Table II were thoroughly admixed 
with each kilo of ration. 

The results of the experiments are summarized in Table III. In Series 
I, a comparison was made of the growth of animals upon diets containing 
0.4 and 0.5 per cent of L-threonine respectively. This involved the use 
of thirty male rats from seven litters. These were distributed as equitably 
as possible between the two diets. As will be observed, the sixteen animals 
which received 0.4 per cent of L-threonine showed a mean gain of 91.5 
+ 1.86 gm., while their fourteen litter mates which consumed a ration 
containing 0.5 per cent of this amino acid manifested a mean gain of 
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TaBLe I 
Composition of Basal Diet 
gm. 

Amino acid Mixture XXIII-d................. 15.42 
Vitamin A and D concentratef... 0.05 
0.20 

100.00 

* Jones and Foster (7). 


t This contained 65,000 U. S. P. units of vitamin A and 13,000 U. 8S. P. units of 
vitamin D per gm. 
t Wilson’s liver powder, 1:20. 


TaBLe II 
Vitamin Supplements 
Added to each kilo of diet 

me. 
Thiamine hydrochloride...._... 5 
25 
2-Methyl-1,4- naphthoquinone 2 


TaBie 
Growth Effects of Different Levels of u-Threonine 
The experiments covered 28 days each. 


gm. per cent 
I 16 O1.5 + 1.86 0.4 
14 107.0 + 1.69 0.5 
Il 14 113.4 + 1.5S 0.5 
15 113.7 + 1.49 0.6 
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107.0 + 1.69 gm. The mean difference of 15.5 gm. is highly significant, 
and demonstrates clearly that the lower level of threonine was insufficient 
to meet the needs of the subjects for optimum growth. 

In the next comparison (Series II), the diets contained 0.5 and 0.6 per 
cent of L-threonine respectively. For this purpose, twenty-nine male rats 
were used. The data in Table III show that the mean gain of the fourteen 
animals which consumed 0.5 per cent of threonine was 113.4 + 1.58 gm., 
while the mean gain of their fifteen litter mates which received 0.6 per 
cent was 113.7 + 1.49 gm. Evidently, the higher of the two levels em- 
ployed in this series did not improve the growth performance of the sub- S 
jects. Consequently, one may conclude that, under the conditions speci- réle 
fied, the minimum percentage of L-threonine which is capable of promoting} ® ic 
optimum growth is 0.5 per cent. sign 

Finally, the reader is reminded that the animals of Series I were not! Ho 
litter mates of the subjects of Series II. It is not surprising, therefore,| "+ 
that the two groups which received 0.5 per cent of threonine manifested of « 
slightly different mean gains. But in spite of the genetic distinction be- the 
tween the animals of the two series, the mean difference of 6.4 gm. in their| !att 
growth accomplishments is not statistically significant. On the other hand, whi 
the tendency of the rats of Series II to gain somewhat more rapidly than 1 
those of Series I, even upon identical diets, serves to emphasize the impor- of t 
tance of using litter mates, when possible, in comparing changes in body SY® 


By \ 
(Fi 


weight induced by variations in the level of a dietary essential. wang 
mo! 
SUMMARY am 


Under the improved dietary conditions currently employed in this labo- eri 
ratory, the minimum level of L-threonine which is capable of supporting 5 
optimum growth in the weanling rat is 0.5 per cent instead of 0.6 per the 


cent, as originally reported (1). (5), 
7). 
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(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, August 27, 1951) 


Students of metabolism have devoted much attention to the nutritive 
réle and chemical transformations of the eight or ten indispensable amino 
acids (cf. (1) and (2)). This is understandable in view of the extraordinary 
significance of these compounds as necessary constituents of the diet. 
However, the interest focused upon them appears to have occasioned, 
until recent years, a certain degree of neglect of the very important group 
of dispensable amino acids. Fortunately, the past decade has witnessed 
the accumulation of an impressive body of information concerning the 
latter compounds, with an ever increasing appreciation of the functions 
which they perform in the cells. 

The present paper relates to the astonishing facility with which three 
of the simplest of these acids, namely glycine, serine, and cystine, can be 
synthesized by the body. The reader is reminded that, aside from their 
importance as constituents of tissue proteins, enzymes, and certain hor- 
mones, and as detoxicating agents for many foreign substances, the three 
amino acids in question are used for a variety of other purposes. Thus, 
erine has been shown to be a component of phospholipides, in which it 
serves in a fashion analogous to that of choline or ethanolamine (3). Fur- 
thermore, serine is a precursor of ethanolamine (4), and hence of choline 
(5), and furnishes the carbon chain for the manufacture of cystine (4, 6, 
7). As first suggested by Knoop (8, 9), serine is now known to be con- 
verted with ease into glycine (10), a reaction which it may share with 
threonine (11). The reverse transformation, namely that of glycine into 
serine, is equally well established (12-14). Glycine may serve also as a 


* Aided by grants from the United States Public Health Service and the Graduate 
College Research Fund of the University of Illinois. 

The experimental data in this paper are taken from theses submitted by William 
W. Burr, Jr., and H. James Sallach in partial fulfilment of the requirements for the 
degrees of Master of Science and Doctor of Philosophy respectively in the Graduate 
College of the University of Illinois. 

t Present address, Department of Biochemistry, Southwestern Medical School, 
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precursor of ethanolamine, either by direct reduction (5) or through serine 
as an intermediate (15). 

In certain of these reactions methionine participates notably as a source 
of methy] groups in the synthesis of choline (16), and as a donor of sulfur 
in the manufacture of cystine (17, 7). Indeed, the collaboration extends 
even further in that the sarcosine portion of creatine originates in glycine 
(18) and methionine (16) or choline (19). Thus, there exists a metabolic 
association involving not only glycine, serine, and cystine, but methionine 
and possibly threonine as well. 

In many of the reactions outlined above, serine appears to occupy a 
central position. In view of this fact, it seemed not unlikely that dietary 
conditions might be devised in which this compound, or one of the related 
dispensable amino acids, might become the limiting factor in growth. 
Several years ago, investigations in this laboratory demonstrated that gly- 
cine and serine may be removed from the food singly or simultaneously 
without affecting the rate at which young rats gain in weight (20). Similar 
experiments showed that the absence of cystine from a ration containing 
all other amino acids is without effect, provided sufficient methionine is 
present (21). On the other hand, it does not follow necessarily that the 
exclusion of glycine and serine, along with cystine, choline, or both, might 
not overtax the synthetic abilities of the organism sufficiently to diminish 
the growth of the subjects. Tests of this nature should throw light not 
only upon the competence of the cells in such reactions, but also upon the 
speed with which the missing compounds can be synthesized. Such were 
the considerations which led to the experiments outlined below. 


EXPERIMENTAL 


Weanling rats served as the experimental subjects. They were housed 
in separate cages, and permitted to consume food and water ad libitum. 
The amino acids which furnished the nitrogen of the rations were purified 
invariably until they yielded correct analytical values. Those which had 
been isolated from proteins were shown to be devoid of cystine by applica- 
tion of the Sullivan test (22). 

In ‘Table I is presented the composition of two amino acid mixtures. 
These were used as such, or after the omission of certain components as 
explained below. Mixture XXIII is our normal standard, and permits 
excellent’ growth when incorporated in an otherwise adequate ration. 
Mixture XXVIIP has an identical composition except with respect to its 
pL-methionine and pi-threonine content, These are reduced from 0.8 to 
0.5 gm. and 1.4 to OS gin. respectively. Both optical isomers of methio- 
nine are effective in the rat (23), but only the i form of threonine is utilized 
(24). Diets containing Mixture XXVIII furnished 0.5 per cent of methio- 
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nine, which is the minimum amount capable of supporting optimum growth 
when cystine is absent,' and 0.4 per cent of L-threonine, which is 0.1 per 
cent less than the minimum requirement for optimum growth (ef. (25)). 
The reasons for these modifications will be made clear later. 


Taste I 
Composition of Amino Acid Mixtures 
Mixture XXIII | Mixture XXVIII 
active active | 
0.1 0.10 0.1 0.10 
ar 0.20* 0.1 | 0.20" 
Isoleucine | 0.8 1.60* 0.8 1.60* 
Cystine... 0.2 0.20 0.2 | 0.20 
Methionine | 08 0.80* 0.5 | 0.50° 
Threonine | Laon 0.7 1.40* 0.4 0.80* 
Phenylalanine. | 1.2 1.20° | 1.20* 
Tyrosine. . | 0.6 | 0.60 0.6 0.60 
Proline | 0.2 | 0.20 | 0.20 
Hydroxyproline... 0.1 0.10 0.1 0.10 
Tryptophan 0.4 0.40 4 0.40 
Glutamic ‘“ 2.0 2.00 | 2.0 2.00 
Lysine. . 1.2 1.2 
monohydrochloride. | | 1.50 
Histidine 0.7 
“ monohydrochloride mono- | 
Arginine _... 0.4 | 0.4 
monohvdrochloride 0.50 
Sodium bicarbonate 1.27 1.27 
12.1 16.82 11.5 15.92 


* Racemie acids. 


In Table IL is shown the make-up of basal Diets | and 2, containing 
respectively Mixtures and Diet | contained sucrose, 
dextrin, and a small amount of liver concentrate, as is customary in this 
laboratory. Diet 2 contained suerose as the only carbohydrate. This 
change was made in order to reduce the possible presence of choline as a 


' Unpublished experiments in this laboratory by Rita C. Kresge. 
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contaminant? For a like reason, the liver concentrate was omitted from 
Diet 2. Both diets were fortified with vitamins. For this purpose, the 


Taste II 
Composition of Basal Diets 


Diet 1 Diet 2 
gm. gm. 
Amino acid Mixture XXIII. 16.82 
XXVIII | 15.92 
Sucrose 15.00 75.73 
Dextrin 59.43 
Salt mixture*........ was 4.00 4.00 
Vitamin A and D concentratef.. 0.05 0.05 
100.00 


* Jones and Foster (26). 

t This contained 65,000 U.S. P. units of vitamin A and 13,000 U.S. P. units of 
vitamin D per gm. 

t Wilson’s liver powder, 1:20. 


Tasie III 
Vitamin Supplements 

| Supplement A, | t B, 

to each | to each 

| kilo of Diet 1 | kilo of Diet 2 

mg. mg. 
Thiamine hydrochloride ben 5 5 
Pyridoxine hydrochloride 5 5 
Nicotinic acid 5 | 5 
Caleium d-pantothens'e 25 25 
p-Aminobenzoie acid 300 300) 
a- Tocopherol 25 25 
2-Methyl-1,4-napht hoquinone 2 2 
Biotin 0.1 0.1 


quantities listed in Table ITT were thoroughly admixed with each kilo of 
ration. Attention is called to the fact that vitamin Supplement A was 
always used with basal Diet | and Supplement B with basal Diet 2. Sup- 


* Unpublished analyses by Dr. L. M. Henderson of this laboratory indicate that 
dextrin is ordinarily higher in choline than is sucrose. 
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plement B furnished 1 mg. of folic acid per kilo of Diet 2 to compensate 
for the absence of the liver concentrate. When a component of either 
diet was removed, an equal weight of dextrin (Diet 1) or sucrose (Diet 2) 
was added so as to maintain the concentration of all other constituents. 

Four experiments were conducted, only two of which are presented in 
full in this paper. Each involved the use of thirty rats. These were 
divided into two groups of fifteen animals each, one group of which re- 
ceived a control and the other an experimental ration. In all experiments, 
litter mates of the same sex were placed upon the two diets. 

The first two experiments were of a preliminary nature, consisting in 
comparing the effects upon growth of (a) the removal of cystine alone as 
contrasted with the exclusion of both cystine and serine, and (b) a low 
choline diet versus one both low in choline and devoid of glycine and serine. 
The four diets were prepared by omitting the specified compounds from 
basal Diet 1. In no case was a statistically significant difference observed 
in the mean gains of the four groups of animals. 

In view of the above observations, two additional series of tests were 
conducted in which the differences in composition of the control and ex- 
perimental rations were even greater than in the preliminary investigations. 
The first of these (Series 1) involved a comparison of the growth accom- 
plishments of animals upon basal Diet 1, which is believed to be complete 
in all respects, and a similar ration which was devoid of glycine, serine, 
and cystine, and contained no added choline. In order to exclude sex 
differences, males only were used as the subjects. The feeding trials ex- 
tended over a period of 28 days. 

The results are summarized in Table IV. As will be observed, the 
animals upon the complete diet showed a mean gain of 102.9 + 2.11 gm., 
while their litter mates upon the experimental ration manifested a mean 
gain of 99.3 + 1.73 gm. - The mean difference of 3.6 gm. is not statistically 
significant, and demonstrates that the organism possesses a remarkable 
competence in the synthesis of the three missing amino acids and choline. 
Admittedly, the ration was not choline-free even though none was added. 
Doubtless a considerable quantity was furnished by the liver extract and 
a lesser amount by the dextrin. Furthermore, methionine in excess of 
the growth requirements was present to furnish methyl groups, if needed 
(ef. (27)), and a moderate surplus of threonine was available which possibly 
may have vielded glycine and serine. On the other hand, the fact that 
under these conditions the animals were able to keep pace with their 
anabolic needs, without a diminution in their growth rate, illustrates the 
astonishing facility with which the compounds in question were manu- 
factured. 

The second group of tests (Series 11) was designed to impose a still more 
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severe synthetic burden upon the subjects. For this purpose, basal Diet 
2 containing amino acid Mixture XXVIII was formulated. One should 
recall that this ration furnished the minimum quantity of methionine 
compatible with optimum growth when cystine is excluded, and a slightly 
deficient amount of threonine. Furthermore, it was devoid of both dextrin 
and liver extract. Thus, the choline content must have been extremely 
low, and no excess quantities of methionine and threonine were present 
to participate in interconversion reactions. Again, male animals only were 
used, but the tests were continued for 36 instead of 28 days. 

The effect of omitting glycine, serine, cystine, and choline simultaneously 
from this ration is shown in Table IV. The animals which received Diet 2 
manifested a mean gain of 120.4 + 1.49 gm. The corresponding figure 


IV 
Growth on Diets Devoid of Glycine, Serine, and Cystine, and Low in Choline 
For each series, thirty male rats were used in groups of fifteen each. 


Series No. and Nature of diet 
days gm. 
I 28 102.9 + 2.11 Diet 1 (complete) 

28 99.3 + 1.73 ‘* 1 minus glycine, serine, cys- 

tine, and added choline 
II 36 120.4 + 1.49 Diet 2 (diminished threonine and 

methionine) 

36 105.8 + 2.40 Diet 2 minus glycine, serine, cys- 
tine, and added choline 


for their litter mates upon the deficient ration was 105.8 + 2.40 gm. The 
mean difference of 14.6 gm. is highly significant, and demonstrates clearly 
that, under the conditions specified, the subjects were not able to synthe- 
size the missing compounds at sufficiently rapid rates to meet their opti- 
mum needs, Evidently under extraordinary circumstances of this nature 
it is possible to impede the formation of non-essential components of the 
diet to the point where they become the limiting factors in growth. 
Despite the inhibition in rate of gain demonstrated by the tests of Series 
II, one cannot refrain from reemphasizing the conspicuous proficiency of 
the organism in fabricating simultaneously so many of its cell components 


under conditions which so severely restricted its supply of related materials. — 
Indeed, the surprising feature of the results is not that a moderate decrease — 


in growth occurred, but that a much more pronounced effect was not 
observed. It is difficult to see how the organism could have obtained 
almost an adequate supply of the four compounds which were excluded 
from the food unless the assumption is made that at least one of them 
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has an origin entirely different from the relationships outlined above. 
Certainly, interconversions alone cannot account for the findings. In 
view of the central position which serine appears to occupy, one naturally 
thinks of it as a possible starting material for the others. If this amino 
acid could be synthesized de novo, obviously no difficulty would exist in 
accounting for the production of glycine, choline, and the carbon chain of 
cystine. As for the sulfur of cystine, Diet 2 carried sufficient methionine 
to meet the minimum growth requirements in the absence of cystine, or 
0.1 per cent in excess of the minimum if cystine were being formed (ef. 
(23)). Thus, given a source of serine, an adequate amount of cystine could 
have been synthesized in the tests of Series II, provided the transfer of 
sulfur were approximately quantitative and occurred with sufficient speed. 
As a matter of fact, serine does arise from a source other than glycine, as 
suggested by the above data. Direct evidence therefor will be presented 
in a later paper. 


SUMMARY 


The simultaneous removal of glycine, serine, cystine, and most of the 
choline from a standard diet containing a mixture of highly purified amino 
acids as the source of nitrogen exerts no statistically significant effect upon 
the growth of weanling rats. 

When the methionine content of the ration is restricted to 0.5 per cent, 
and the threonine content to slightly less than the minimum level capable 
of supporting optimum growth, the exclusion of glycine, serine, cystine, 
and choline induces a moderate decrease in the rate of gain. Under these 
dietary conditions, the synthesis of the three non-essential amino acids 
and choline becomes the limiting factor. 

The ability of animals upon the above diet to gain, though at slightly 
subnormal rates, demonstrates that some source other than mere inter- 
conversion of related amino acids must exist in the organism for at least 
one of the compounds in question. 
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THE MICROBIOLOGICAL ACTIVITY OF 
N-(pL-PANTON YL)-8-ALANINE* 


By EDWIN M. LANSFORD, Jr., ano WILLIAM SHIVE 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Teras) 


(Received for publication, February 12, 1951) 


After pantothenic acid had been isolated and characterized, the problem 
of the origin and biosynthesis of this vitamin and its component parts, 
pantoic acid and §-alanine, remained. Evidence such as the ability of 
certain organisms to utilize pantoic acid and of other organisms to utilize 
8-alanine in place of pantothenic acid has usually been interpreted to 
indicate that the biosynthesis of the vitamin occurs through direct coupling 
of the two component parts. 

The origin of the §-alanine portion of the pantothenic acid molecule 
through decarboxylation of aspartic acid has been demonstrated by means 
of inhibition analysis methods with Escherichia coli (1, 2) and directly by 
measuring the formation of 8-alanine from aspartic acid with Rhizobium 
trifolit and E. coli (3). 

It has been suggested that the pantoic acid moiety might be derived 
from valine through hydroxymethylation of the keto analogue of this 
amino acid and reduction of the a-keto- ,8-dimethyl-y-hydroxybutyric 
acid (4). Yeast cells are capable of reducing the a-keto analogue to 
pantoic acid (4). Pantonine, the amino acid analogue of pantoic acid, 
prevents the toxicity of salicylic acid for /. coli in a manner similar to 
that of pantoic acid (5, 6); this evidence suggests that pantonine can serve 
as a precursor of pantoic acid or pantothenic acid. Since pantonine has 
been reported to replace pantoic acid for one but not for another mutant 
strain of FE. coli requiring pantothenic or pantoic acid for growth, it appears 


that pantonine can supply the product, or its equivalent, of the genetic 


block in one of these organisms (7). 

In order to determine whether the biosynthesis of pantothenic acid 
occurs through the coupling of pantonine with 8-alanine and subsequent 
deamination of the pantonyl portion, the synthesis and biological testing 
of the dipeptide, pantonyl-8-alanine, was undertaken. 

The ethyl ester of pantonyl-8-alanine has been prepared and reported 
to be inactive alone in replacing pantothenic acid, but to supplement sub- 

* From a thesis submitted by Edwin M. Lansford, Jr., Rosalie B. Hite Predoctoral 
Fellow, to the University of Texas in partial fulfilment of the requirements of the 
degree of Master of Arts. 
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optimal concentrations of pantothenic acid in stimulating growth of 
Lactobacillus arabinosus (8). In 1948 Wieland reported (9) the synthesis 
of “aminopantothenic acid,” that is, pantonyl-8-alanine, by a method 
somewhat different from that employed here; a discrepancy between the 
respective properties of the product reported by Wieland and of that re- 
ported here will be pointed out below. Wieland stated that the compound 
showed no activity toward lactic acid bacteria below a concentration of 2 


mg. per ml. 
EXPERIMENTAL 


pDL-a-Carbobenzoxyamino-8 ,8-dimethyl-y-butyrolactone (Carbobenzorypan- 
tonine Lactone)—This compound was prepared by a method essentially 
identical to that of Holly et al. (8). 

, 8 -dimethyl-y-hydroxybutyryl) -B-alanine 
(Carbobenzoxypantonyl-8-alanine)—A mixture of 2.93 gm. (0.0111 mole) 
of pL-a-carbobenzoxyamino-8 ,§-dimethyl-y-butyrolactone and 1.24 gm. 
(0.0111 mole) of sodium §-alaninate, both having been dried over phos- 
phorus pentoxide, was melted and heated for 14 hours in a tube immersed in 
an oil bath at 120-130°. The mixture was cooled, powdered, and stirred 
into 50 ml. of water. The resulting suspension was filtered; the pre- 
cipitate presumably consisted mainly of unchanged carbobenzoxypanto- 
nine. The filtrate was evaporated to 20 ml. and cooled; crystals which 
formed were discarded. To the solution were added 1.9 ml. of concen- 
trated hydrochloric acid (0.022 mole of HCl); an oily phase then appeared 
and hardened to a white solid after 2 hours at 10°. The latter solid was 
powdered, twice successively suspended in cold water and centrifuged, , 
dried in a vacuum desiccator, and extracted with benzene at 70°. The 
extracted residue was dissolved in 5 ml. of hot absolute ethanol, diluted 
with 30 ml. of petroleum ether, and cooled. The crystals (1.328 gm.) 
melted at 116-117°. After two further recrystallizations from ethanol- 
petroleum ether the compound melted at 126-129°. 


Analysis—CyHaNO¢. Caleulated, N 7.95; found, N 7.95 

N-pL-(a-Amino-8 (Pantonyl-8-ala- 
nine)—Carbobenzoxypantonyl-8-alanine (0.555 gm., from the 1.328 gm. 
described above) was dissolved in 20 ml. of methanol. Another 30 ml. 
of methanol were shaken in hydrogen at 1 atmosphere of pressure with 


about 0.5 gm. of palladium-charcoal catalyst. The 20 ml. of solution 
were then added to the shaker and shaken in hydrogen for about 30 min- 
utes. The catalyst was removed by filtration, and the filtrate evaporated 
in vacuo, yielding 0.380 gm. of a colorless oil. The latter was dissolved in 
2 ml. of methanol, and 50 ml. of hot benzene were added; the crystals 
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(0.227 gm.) obtained on cooling melted at 160-161°. This material was 
recrystallized by dissolving in 8 drops of warm water, adding 25 ml. of 
warm absolute ethanol, partially evaporating, and cooling; the crystals 
obtained (0.140 gm.) melted at 166-168°. The latter material was re- 
crystallized by dissolving in the minimal amount of 50 per cent ethanol- 
water, adding 2 ml. of absolute ethanol, and partially evaporating; the 
crystalline pantonyl-8-alanine obtained (0.110 gm.) melted at 168-169°. 


Analysis—C,H Calculated. C 49.53, H 8.31, N 12.84 
Found. ** 49.61, “ 8.73, ** 12.50, 12.53 


Other Materials—A concentrate of coenzyme A, containing 5 per cent 
pantothenic acid, was furnished by Dr. N. O. Kaplan. Cysteie acid was 
prepared by the method of Clarke (10). p1i-Pantonine was prepared by a 
method previously described (5). (—)-Pantolactone, calcium pD-panto- 
thenate, 8-alanine, and all other reagents used were obtained from com- 
mercial sources. 

Organisms—The L. arabinosus 17-5 is a standard stock culture main- 
tained by conventional bacteriological practices. The F. coli strain used 
has been described previously (1); it was carried by daily serial transfers 
in the salts-glucose medium described below. The mutants E£. coli 
M-99-1, FE. coli M-99-3, and E. coli M-99-4 were carried by daily serial 
transfers in salts-glucose medium containing 10 y of calcium p-panto- 
thenate per 10 ml. tube; these mutants were originally obtained from Dr. 
Bernard D. Davis of the United States Public Health Service. 

Bacterial Culture Media—The L. arabinosus basal medium (Table I) 
is adjusted to pH 6.8 and autoclaved 15 minutes at 15 pounds pressure. 
The complete medium is readjusted to pH 6.8 before use. The double 
strength basal medium used with the various F. coli strains consists of 
30 gm. of anhydrous Na:SO,, 30 gm. of NH,Cl, 24 gm. of anhydrous 
K;HPO,, 2.4 gm. of MgSO,-7H.O, 0.6 gm. of Fe(NH,4)2+(SO,)2-6H20, 
and water to make a total volume of 3 liters; this solution was autoclaved 
15 minutes at 15 pounds pressure after preparation. The complete me- 
dium was prepared just before use by adding 2 gm. of glucose to 100 ml. 
of this basal medium. 

Testing Procedure—In an assay, 5 ml. of the complete medium were 
added to 5 ml. of a solution containing the sample to be tested, in 30 x 


~ 180 mm. lipless Pyrex tubes, which were then capped, autoclaved 10 min- 


utes at 15 pounds pressure, cooled to room temperature, and inoculated. 
A 16 to 20 hour culture of L. arabinosus 17-5, grown in 10 ml. of special 
inoculum medium described elsewhere (12), was centrifuged, the cells re- 
suspended twice in successive 10 ml. volumes of sterile physiological saline 
solution, and 0.1 ml. of the washed heavy suspension added to 10 ml. of 
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sterile saline. 1 drop of the latter suspension was added to each assay 
tube. Cultures (16 to 20 hours) of the F. coli strains in 10 ml. of salts- 
glucose medium, supplemented in the case of the mutant strains with 


I 
Composition of Medium for Pantothenic Acid Assays 
Cc medium 
Component Amount 


Double strength basal medium 


Acid-hydrolyzed casein (11) 100 ml. 
Sodium acetate | 12 gm. 
Inorganic salts Solution A (KeHPO, 25 gm., | 10 mil. 
KH.PO, 25 gm., water to make 250 ml.) | 
Inorganic salts Solution B (MgSO,-7H,O 10 
gm., NaCl, FeSO,-7H,O, and MnSO,-4H,0 | 
0.5 gm. each, water to make 250 ml.) 
L-Tryptophan 200 mg. | 
L-Cystine 200 ** | 
L-Asparagine 200 ** 
Water to make total volume 1000 mil. | 100 mil. 
Purine-pyrimidine supplement 
Adenine sulfate 100 mg. 
Guanine hydrochloride 100 
Uracil 
Water to make total volume* 100 ml. Bi 
Vitamin supplement 
Pyridoxine hydrochloride 5O mg. 
Inositol 
Nicotinic acid | 
Riboflavin 
Thiamine hydrochloride 
p-Aminobenzoie acid 
Folie acid 150 ** 
Biotin 15 ** 
Water to make total volume 100 ml. a4 


Glucose 2.0 gm. 


* The compounds are dissolved with heating in about 5 ml. of water to which a 
few drops of hydrochloric acid have been added, and water is then added to a total 
volume of 100 ml. 


10 7 of calcium p-pantothenate per 10 ml., were centrifuged and resus- 
pended in 10 ml. of sterile saline, and 0.2 to 0.3 ml. of the heavy suspen- 
sion was added to 10 ml. of sterile saline. 1 drop of the latter suspension 
was added to each tube, as above. The growth in each tube was meas- 
ured by means of a turbidimeter. 
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RESULTS AND DISCUSSION 


Synthetic pantonyl-s-alanine did not stimulate growth of L. arabinosus 
17-5 at concentrations as high as 50 7 per 10 ml.; calcium p-pantothenate 
stimulated growth at concentrations as low as 0.05 y per 10 ml. The 
compound thus possesses less than 0.1 per cent pantothenic acid activity 
for this organism. In the same assay, coenzyme A (0.2 to 10 y per 10 
ml.) did not stimulate growth either alone or when added together with 
variable amounts of pantonyl-6-alanine (0.02 to 0.5 y per 10 ml.). Thus 
no synergistic effect exists between pantonyl-d-alanine and coenzyme <A. 

In order to confirm the structure of the synthetic pantonyl-g-alanine, a 
1 mg. sample was mixed with 32 mg. of sodium nitrite and 28 mg. of acetic 
acid in 6 ml. of water; the mixture was warmed for | hour at 37° and 
mixed with a solution of 60 mg. of ammonium sulfamate in 6 ml. of water, 
to destroy the excess nitrous acid; the solution was then assayed with L. 
arabinosus 17-5 as the test organism. As controls, | mg. of calcium p- 
pantothenate and the reagents alone were carried through the same pro- 
cedure. Assay results showed no activity in the reagent control and no 
destruction of calcium pantothenate. The nitrous acid-treated pantonyl- 
8-alanine showed 5 to 10 per cent of the activity of calcium p-panto- 
thenate. 

The synthetic “aminopantothenic acid” prepared by Wieland (9) was 
reported to melt at 137-140° with decomposition and to contain 12.15 
per cent nitrogen (calculated, 12.83 per cent), in considerable disagreement 
with the melting point of 168-169° (without visible decomposition) and 
nitrogen content of 12.52 per cent found for the product prepared in the 
present work; there is thus some question as to the identity of these two 
products. The conversion by nitrous acid of the synthetic product re- 
ported here into a material showing pantothenic acid activity constitutes 
strong evidence for the identity of this product with pantonyl-s-alanine. 

Cysteic acid inhibition of FE. coli has been studied by the method of 
inhibition analysis (2); cysteic acid prevents competitively the function- 
ing of aspartic acid, and a “product effect’ reversal of the inhibition is 
exerted by either 8-alanine or pantothenic acid. Pantonyl-d-alanine also 
reverses the toxicity of cysteie acid, but the dipeptide has been found in 
various experiments (see Table II) to be only | to 10 per cent as active 
as pantothenic acid in this respect. It appears probable that this reversal 
represents partial hydrolytic cleavage of pantonyl-d-alanine by the organ- 
ism to form free 8-alanine, which then exerts its usual reversal effect. 
Salicylic acid inhibition of FE. coli is reversed by relatively low concentra- 
tions of pantothenic acid or by high concentrations of pantoice acid or 
pantonine (5, 13); present test results show that pantonyl-d-alanine, and 
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similarly pantonine, must be present in concentrations higher than 100 
y per 10 ml. to reverse the inhibition resulting from 300 y of salicylic acid 
per 10 ml., while under the same conditions 0.3 y of calcium p-panto- 
thenate reverses the inhibition. Complete cleavage to pantonine and 


Il 
Reversal of Cysteic Acid Inhibition by Pantonyl-8-alanine 
Test organism, E. coli; incubated 20 hours at 37°. 


Calcium p-pantothenate + Pan 1-8-alanine + 
Cysteic acid 3000 y cysteic acid 


Galvanometer 


readings® | 7 per 10 mi. | readings 7 per 10 mi. | readings 


0 38 0.003 8 0.3 3 
300 36 0.01 10 1 12 
1000 10 0.03 13 | 3 il 
3000 4 0.1 | 34 | = 36 


_* A measure of culture turbidity; distilled water reads 0, an opaque object 100. 
Taste IIl 
Activity of Pantonyl-B-alanine with E. coli Mutants M-99-3 and M-99-4 
Incubated 20 hours at 37°. 


Galvanometer readings 


Calci | 


M994 | | M904 M93 | 


0 
0.3 35 388 


| 


in sodium hydroxide solution. 


EC™MEEBE SETS 


8-alanine of a concentration of 100 y per 10 ml. or less of pantonyl-s- 
alanine would not furnish sufficient pantonine to reverse the inhibition | 
by the salicylate (5), but even a 1 per cent direct conversion of the di- 
peptide to pantothenic acid would yield an amount of pantothenic acid 
more than sufficient to exert a reversing effect. a-h 

The activity of pantonyl-8-alanine was determined (Table IIL) for the | * 
mutants 1. coli M-99-3, known to require for growth either pantothenic of 


| 
| 

per 10 mi. i 

| 

2 2 | 

10 5 l 2 2 3 2 | 
30 | 36 37 2 5 2 4 
100 38 39 2 35 6 2 

300 38 2 SB 3 
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acid or pantoic acid in addition to inorganic salts and glucose, and E. 
coli M-99-4, known to require either pantothenic acid, pantoic acid, or 
pantonine (7). Pantonyl-3-alanine has approximately the same activity 
as pantonine in promoting the growth of FE. coli M-99-4, but like pantonine 
does not promote the growth of strain M-99-3. Extension to 54 hours 
of the incubation time for E. coli M-99-4 had little effect upon the relative 
activities of pantoie acid, pantonine, and pantonyl-8-alanine. A mutant 
(E. coli M-99-1) which requires pantothenic acid specifically for growth | 
was unable, when tested as in Table III, to utilize pantonyl-§-alanine for 
growth. 

The biological activities of pantonyl-8-alanine can be accounted for on 
the basis of cleavage to the component amino acids, pantonine and £- 
alanine, which in turn exert the observed effects of the dipeptide. An 
enzyme system! involved in the conversion of pantonine to the pantoic 
acid moiety of pantothenic acid appears to be active in mutant M-99-4 
but inactive in mutant M-99-3. This result does not necessarily mean, 
however, that pantonine is a normal intermediate in the biosynthesis of 
the pantoic acid moiety of pantothenic acid, but simply that it is capable 
of replacing such a normal intermediate. 


The writers are indebted to Mr. H. L. Hunter of the Lilly Research 
Laboratories, Eli Lilly and Company, for the carbon and hydrogen micro- 
analysis. 

SUMMARY 


Synthetic N-(pL-a-amino- (pantonyl- 
8-alanine) was prepared and tested microbiologically. It did not replace 
pantothenic acid for Lactobacillus arabinosus 17-5; after nitrous acid treat- 
ment 5 to 10 per cent yield of pantothenic acid activity was obtained for 
this organism. It showed activity of the same order as that of 3-alanine 
and of pantonine in reversing cysteic acid inhibition and salicylic acid 
inhibition respectively, of Escherichia coli. It replaced pantonine for an 
E. coli mutant which utilizes pantonine for growth, but not pantoic or 
pantothenic acid for two other E. coli mutants which utilize pantoie acid 
and pantothenic acid, respectively. 
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FURTHER ISOLATION OF ADRENOCORTICAL 
COMPOUNDS FROM MALE URINE* 


By JOHN J. SCHNEIDER 


(From the Department of Experimental Medicine, Jefferson Medical College, 
Philadelphia, Pennsylvania) 


(Received for publication, July 7, 1951) 


In the first paper in this series, we described a method for the isolation 
of compounds of the adrenocortical type from male urine, and reported 
the recovery of five crystalline compounds. Of these, the chief proved to 
be 17-hydroxy-11-dehydrocorticosterone (Kendall’s Compound FE, Reich- 
stein’s Substance Fa), which was recovered in a yield of 55.3 y per liter. 
It was noted that 86 per cent of the Compound E isolated was obtained 
by extracting the urine directly (the free fraction) and that reextraction 
after acid (pH 1) hydrolysis yielded but little more. While a study of 
enzymatic hydrolysis was indicated, it seemed worth while first to in- 
vestigate further the free fraction. The purpose of this paper is to give 
the results of such a study. Compound FE, two of its metabolic reduction 
products (pregnane-17a ,21-diol-3 , 11, 20-trione and pregnane-3a, 17a ,21- 
triol-11 ,20-dione), 17-hydroxycorticosterone (Kendall’s Compound F), and 
the previously described Compound II were obtained in pure form. In 
addition we wish to report the isolation of pregnane-3a , 17a ,21-triol-11,- 
20-dione following 8-glucuronidase hydrolysis of preextracted male urine, 


Methods 


Collection and Extraction—Urine was collected daily without preserva- 
tive from male medical students during the 10 a.m. to 4 p.m. interval. 
The pooled urine (40 liters) was well stirred in a 12 gallon Pyrex bottle 
with 5 liters of chloroform. After 16 to 18 hours in a 5° room, the chloro- 
form extract was siphoned off and the emulsified phase was filtered with 
suction through a pad of Celite. Over the course of the next 4 to 5 hours 
the urine was reextracted four times with 4 liter volumes of chloroform. 
The first four extracts were combined and taken to dryness in an all-glass 


* This investigation was supported in part by a research grant from the National 
Cancer Institute, National Institutes of Health, United States Public Health Ser- 
vice. This is Paper II in a series, “Studies on the excretion of adrenocortical com- 
pounds’’ (1). A preliminary report of a portion of this work was presented at the 
meeting of the American Society of Biological Chemists at Cleveland, Ohio, April 
20-May 3, 1951. 
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still in vacuo; the temperature of the water bath was kept at or under 50°, 


The fifth extract was kept at —10° and used for the initia] extraction of | 


the next lot of urine. The dried extracts were stored under nitrogen at 
— 10° and were ultimately pooled and washed with 0.1 x NaOH and water, 
as described previously (1). In this fashion, 1000 liters of urine were 
extracted over a period of 5 weeks. 

Girard Separation—Because of the suggestion (2) that Compound F may 
be unstable to benzene-water partitioning, it was decided to avoid that 
useful procedure and to rely on Girard separation and chromatography of 
the acetylated ketones as the sole purifying steps. In order to increase 
the effectiveness of the former, we fractionally hydrolyzed the hydra- 
zones by a modification of the method first described by Reichstein (3) 
and more recently employed by Mason (2). The crude neutral extract 
(14 gm.) was taken up in 10 ml. of 80 per cent methanol plus 10 ml. of 
glacial acetic acid, and, following the addition of 28 gm. of Girard’s Re- 
agent T (4), the mixture was warmed enough to achieve solution. After 
12 hours at room temperature, the mixture was chilled, diluted with ice 
and chloroform, and neutralized, and the non-ketonic fraction removed 
as previously described (1). At this point the pH of the still cold mixture 
was adjusted successively to 4, 2.5, and 1 by the cautious addition of con- 
centrated HCl. After adjustment to pH 4 and pH 2.5, the mixture in 
each case was allowed to stand 1 hour and then extracted ten times with 
chloroform. Following adjustment to pH 1, the mixture was repeatedly 
extracted with chloroform, first after a 2 and then after a 12 hour period 
of hydrolysis. The four different extracts were separately washed with 
cold sodium carbonate solution and water and taken to dryness in vacuo. 
In each case the dried residue was weighed and analyzed by the periodate 
procedure of Corcoran and Page (5) as modified by Daughaday et al. (6) 
by the sulfuric acid-phenylhydrazine method of Porter and Silber (7), and 
the ultraviolet absorption spectrum determined. 

Acetylation and Chromatography—Following acetylation in the manner 
previously described (1), the ketonic fractions were chromatographed on 
columns of magnesium silicate-Celite (1:1 by weight) at a steroid to ad- 
sorbent ratio of 1:200 based on the periodate analysis. The columns 
were then developed with benzene, benzene-ether, ether, and ether-ethyl 
acetate mixtures, as outlined in the first paper in this series. The frac- 
tions obtained were characterized by testing them with Brady’s reagent 
(1, 2) and the tetrazolium reagent (8), and by employing the sulfurie acid 
chromogen spectroscopic procedure of Zaffaroni (9). When crystalline, the 
usual criteria were used. Melting points were determined on a Fisher- 
Johns type apparatus and are recorded as read. The absorption spectra 
were determined with a Beckman spectrophotometer. 
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Results 


Evaluation of Extraction Procedure—As a preliminary to extracting urine 
on a large scale, an experiment was devised to test the efficiency of the 
extraction procedure. To do this, a 40 liter lot of pooled, normal male 
urine was fractionally extracted with the apparatus and method described, 
and the crude neutral, ketonic, and water-ketonic fractions analyzed by 
the periodate and Porter-Silber methods. 

In this experiment (Table I), extraction of 40 liters of urine five times 
with chloroform gave a first free fraction containing 297 y of periodate- 
reacting material per liter. <A little over half of this was ketonic in nature 


[ 
Analysis of Extracts of Male Urine 
The values are in micrograms per liter, calculated as Compound E. 


Fractions analyzed and method 


Extract Crude neutral Ketonic*® Water-ketonict 


Periodate Periodate —_—~Porter-Silber Periodate —_—Porter-Silber 


See 207 160 96 139 74 
| 0 14 6 


* Here the designation ‘“‘ketonic”’ refers to the fraction obtained with the routine 
procedure (1). 

t The water-ketonic fractions were obtained by washing benzene solutions of 
the ketonie fractions with 5 equal volumes of water. 


and largely water-soluble. Reextraction of this same lot twice more with 
chloroform (the second free fraction) gave very little more ketonic ma- 
terial. Reextraction of this same lot, following standing at pH 1 for 24 
hours, gave an additional small ketonic fraction. ‘These results allow the 
conclusion that, in the apparatus employed, extraction five times removes 
approximately 92 per cent of the free, chloroform-soluble compounds. 
They also support the previous statement (1) that acid (pH 1) hydrolysis 
liberates relatively little additional steroid. 

Large Scale Extraction and Fractionation—The crude, neutral, free frae- 
tion from 1000 liters of normal male urine was a brown glass, weighing 
l14gm. Assay by the periodate method gave a value of 288 mg. of for- 
maldehydogenic substances calculated as Compound E. Treatment with 
Girard’s reagent in the manner indicated gave four ketonic fractions total- 
ing 930 mg. Retreatment of the non-ketonic fractions with the Girard 
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reagent gave additional small ketonic fractions totaling 70 mg.' These 
were appropriately combined with the above. The weights of the various 
ketonic fractions, their assay values, and their properties are summarized 
in Table If. As others (2, 3) have noted, these data show that the hydra- 
zones of compounds having the 3-keto-A‘ system resist hydrolysis until 
pH 1 is reached, but are then rather quickly hydrolyzed. It is evident 
that this fractionation procedure served to concentrate the 3-keto-A‘ com- 
pounds in two fractions, removing 358 mg. (the pH 4 and the pH 2.5 
fractions) of what proved to be inert material. The pH 1 (2 hour hydrol- 
ysis) fraction was sufficiently clean at this point to permit crystals (pre- 


Il 
Characterization of Ketonic Fractions 
The values are in milligrams, calculated as Compound E. 


| Analysis | 
pation | Weight 
mg. 
pH 4... 164 0 1 Non-specific - 
194 23 9 Trace 
wht ws 430 109 73 Well defined +++ 
maximum, 236-238 my 
5321 Low, broad maximum, ++ 
| | 228-235 my | 


* Initial 2 hour hydrolysis of hydrazones. 
t Subsequent 12 hour hydrolysis. 


sumably of Compound E) to separate from concentrated chloroform 


solution. 

Chromatography of pH 1 (2 Hour Hydrolysis) Ketonic Fraction—The 
acetylated mixture (430 mg.) was chromatographed on a 20 gm., 28 xX 
130 mm. magnesium silicate-Celite column. It was developed over a 
period of 48 hours and required the application of a total of 16 liters of 
solvents. The compounds recovered from this chromatogram are de- 
scribed in the paragraphs that follow. 

Washing the column with benzene first gave yellow oils and then a small 
semicrystalline fraction. Chromatographing the latter a second time gave 
a similar fraction, which yielded a few crystals from acetone; m.p. 112- 
113°. No further characterization was attempted. 


1 We have noted that, even after repeated treatment with Girard’s reagent, the 
non-ketonic fraction contains small amounts of formaldehyde-yielding substances, 
suggesting the presence of compounds having the glycol or glycerol type of side 
chain and a reduced system in ring A. 
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Isolation of Pregnane-3a ,17a,21-triol-11,20-dione-3 ,21 Diacetate (Tetra- 
hydro Compound E Diacetate)—Following the removal of small non-crys- 
talline fractions with 5 and 10 per cent ether (by volume) in benzene, the 
application of 20 per cent ether in benzene eluted a crystalline fraction. 
This fraction consisted entirely of tetrahydro Compound E diacetate; 
m.p. 232-234°. On admixture with an authentic preparation of the di- 
acetate (m.p. 232-234°), the melting point’ was 232-234°. In common 
with the authentic specimen, the isolated compound gave a yellow solu- 
tion when tested with Brady’s reagent, showed no specific absorption at 


Ow OH 
-OH -OH 
17- hydroxy -11- dehydrocorticosterone 17 — hydroxycor ticosterone 
(Compound E) (Compound F) 
CH,OH CH,OH 
-OH -OH 
H 


Pregnane -|7(«), 20-dione 
(dihydro Compound E) (tetrahydro Compound E) 


240 my, reduced the tetrazolium reagent, and gave a brown non-fluorescing 
solution with sulfuric acid. Examination of the spectrum of this chro- 
mogen over the range, 260 to 500 my, according to the method of Zaffaroni 
(9) revealed maxima at 330 to 340 my and 410 to 420 mu. The same 
maxima were given by the authentic preparation. The recovery of the 
pure compound was 8.2 mg., corresponding to 6.6 y per liter in terms of 
the free compound; [a]? = +95° (6.46 mg. in 1.2 ml. of acetone). Sarett 
(10) has recorded, for tetrahydro Compound E diacetate, [a]? = +93° 
(c = ~1.0, acetone). 

Isolation of Pregnane-17a,21-diol-3 ,11 ,20-trione-21 Acetate (Dihydro 
Compound E Acetate)—This compound is closely associated with the above 
and in this case was eluted shortly after it. There is little difference in 
the melting points of the two compounds, but adequate characterization 
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is possible on the basis of the mixed melting point determination and on 
other grounds. The 4.2 mg. obtained were crystallized from methanol; 
m.p. 228-230°. On admixture with an authentic preparation of dihydro 
Compound E acetate (m.p. 228-230°), the melting point was 228-230°. 
On admixture with a sample of the isolated tetrahydro Compound E 
diacetate (m.p. 232-234°), the melting point was 200-205°. It reduced 
the tetrazolium reagent, and, when examined with the sulfuric acid chro- 
mogen spectroscopic procedure of Zaffaroni, showed maxima at 265 to 
275 mu, 330 to 340 mu, and 410 to 420 mu. These correspond to those 
given by Zaffaroni and those obtained in this laboratory with an authentic 
sample of dihydro Compound E acetate. 

Isolation of 17-Hydrorxycorticosterone Acetate—This compound was eluted 
when the concentration of ether in benzene reached 30 per cent. It ap- 
peared both shortly before and admixed with the Compound E acetate, 
which was eluted upon continued application of the same solvent mixture. 
Those subfractions containing this compound were readily detected with 
the very sensitive sulfuric acid fluorescence test (11). By crystallizing 
a number of these subfractions and determining the melting point and 
the sulfuric acid chromogen spectrum, it was possible to select, pool, and 
again chromatograph those fractions of Compound E acetate that were 
contaminated with small amounts of Compound F acetate. However, 
this procedure failed to separate completely the compounds, for although 
some pure Compound F acetate was obtained, the Compound E acetate 
showed a distinct green fluorescence on admixture with sulfurie acid.’ 
The recovery of pure Compound F acetate was 9.2 mg. Following crys- 
tallization from methanol, the melting point was 214-216°. On admix- 
ture with an authentic preparation of Compound F acetate (m.p. 216- 
218°), the melting point was 214-216°. In the sulfuric acid chromogen 
procedure maxima were given of 280 to 285 my, 390 to 395 my, and 470 
to 480 mu, closely corresponding to those given by Zaffaroni for 17-hy- 
droxycorticosterone. In addition, the isolated compound gave a red pre- 
cipitate with Brady’s reagent and reduced the tetrazolium reagent. 

Isolation of 17-Hydroxy-11-dehydrocorticosterone Acetate—This compound 
was eluted with 30 per cent ether in benzene, and, as indicated above, was 
in part contaminated with the closely associated Compound F acetate. 
The larger, uncontaminated fraction weighed 40.2 mg. after crystalliza- 


2 In other, unrecorded experiments we were able to separate Compound E and F 
acetates completely by chromatography. We believe that the difficulty noted in 
this experiment was due largely to omission of the benzene-water partitioning step. 
This procedure effectively concentrates interfering oils and some unidentified pig- 
ments in the less important benzene fraction. As a general procedure in experi- 
ments of this kind we recommend the use of both benzene-water partitioning and 
fractional hydrolysis of the hydrazones. 
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tion from methanol and melted at 242-244°. On admixture with an 
authentic sample of Compound E acetate (m.p. 242-244°), the melting 
point was 242-244°; [a]? = +179° (7.76 mg. in 1.2 ml. of acetone). 
Sarett (10) has recorded for synthetic Compound E acetate [a]? = + 170° 
= ~1.0, acetone). 

The second, contaminated fraction weighed 10 mg. The melting point 
was the same as that of the larger fraction above. Both fractions showed 
maxima at 280 to 285 mu, 340 to 345 mu, and 410 to 415 my when ex- 
amined by the sulfuric acid chromogen procedure of Zaffaroni. Both 
reduced the tetrazolium reagent and gave red precipitates with Brady’s 
reagent. Assuming that this fraction is pure, the combined recovery 
calculated as free Compound E was 45 mg. 

Isolation of Compound IT—As noted in previous experiments, this com- 
pound requires a more polar solvent mixture for elution than is needed 
in the case of Compound E acetate. In this instance it was eluted upon 
the application of 10 per cent ethyl acetate in ether. It crystallized 
readily from absolute ethanol to give fine plates; m.p. 268-272° with 
decomposition (stage preheated to 175°). The pure compound gave a red 
precipitate on treatment with Brady’s reagent, and in alcoholic solution 
an absorption maximum at 238 to 240 my was observed. It did not 
reduce the tetrazolium reagent. In contrast to the previously isolated 
sample (1), this lot did not reduce alkaline silver. It is believed that the 
recorded positive test is in error and the result of silver-reducing con- 
taminants. The addition of sulfuric acid to a few crystals gave a light 
yellow non-fluorescing solution. Examination of this solution over the 
range, 260 to 500 mu, showed the presence of a single maximum at 280 
to 285 mu. 


Elementary analyses gave values in fair agreement with the formula 
CH 0.6. The analyzed sample was recrystallized from absolute ethanol. 
Caleulated. C 66.31, H 8.42 
Found. (a) “ 66.31, “ 8.37 
(b) ** 66.28, “ 8.85 
Rotation—|a]~} = +118° (5.69 mg. in 1.2 ml. of chloroform) 
E\% = 342 (absolute ethanol) 
Chromatography of pH 1 (12 Hour Hydrolysis) Ketonie Fraction—The 


acetylated mixture (230 mg.) was chromatographed on a 10 gm. 24 X 80 
mm. magnesium silicate-Celite column. The development and general 
procedure were the same as given for the first column. Two compounds 
were obtained, Compound E acetate and Compound IT described above. 
Both were eluted with solvent mixtures of low polarity. 

Isolation of 17-Hydroxry-11-dehydrocorticosterone Acetate—In this case the 
tetrahydro derivative was not obtained, and elution with 5 per cent ether 
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is possible on the basis of the mixed melting point determination and on 
other grounds. The 4.2 mg. obtained were crystallized from methanol; 
m.p. 228-230°. On admixture with an authentic preparation of dihydro 
Compound E acetate (m.p. 228-230°), the melting point was 228-230°. 
On admixture with a sample of the isolated tetrahydro Compound E 
diacetate (m.p. 232-234°), the melting point was 200-205°. It reduced 
the tetrazolium reagent, and, when examined with the sulfuric acid chro- 
mogen spectroscopic procedure of Zaffaroni, showed maxima at 265 to 
275 my, 330 to 340 mu, and 410 to 420 mu. These correspond to those 
given by Zaffaroni and those obtained in this laboratory with an authentic 
sample of dihydro Compound E acetate. 

Isolation of 17-Hydroxrycorticosterone Acetate—This compound was eluted 
when the concentration of ether in benzene reached 30 per cent. It ap- 
peared both shortly before and admixed with the Compound E acetate, 
which was eluted upon continued application of the same solvent mixture. 
Those subfractions containing this compound were readily detected with 
the very sensitive sulfuric acid fluorescence test (11). By crystallizing 
a number of these subfractions and determining the melting point and 
the sulfuric acid chromogen spectrum, it was possible to select, pool, and 
again chromatograph those fractions of Compound E acetate that were 
contaminated with small amounts of Compound F acetate. However, 
this procedure failed to separate completely the compounds, for although 
some pure Compound F acetate was obtained, the Compound E acetate 
showed a distinct green fluorescence on admixture with sulfurie acid.’ 
The recovery of pure Compound F acetate was 9.2 mg. Following crys- 
tallization from methanol, the melting point was 214-216°. On admix- 
ture with an authentic preparation of Compound F acetate (m.p. 216- 
218°), the melting point was 214—216°. In the sulfuric acid chromogen 
procedure maxima were given of 280 to 285 my, 390 to 395 my, and 470 
to 480 muy, closely corresponding to those given by Zaffaroni for 17-hy- 
droxycorticosterone. In addition, the isolated compound gave a red pre- 
cipitate with Brady’s reagent and reduced the tetrazolium reagent. 

Isolation of 17-Hydroxy-11-dehydrocorticosterone Acetate—This compound 
was eluted with 30 per cent ether in benzene, and, as indicated above, was 
in part contaminated with the closely associated Compound F acetate. 
The larger, uncontaminated fraction weighed 40.2 mg. after crystalliza- 


2 In other, unrecorded experiments we were able to separate Compound E and F 


acetates completely by chromatography. We believe that the difficulty noted in— 


this experiment was due largely to omission of the benzene-water partitioning step. 
This procedure effectively concentrates interfering oils and some unidentified pig- 
ments in the less important benzene fraction. As a general procedure in experi- 
ments of this kind we recommend the use of both benzene-water partitioning and 
fractional hydrolysis of the hydrazones. 
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tion from methanol and melted at 242-244°. On admixture with an 
authentic sample of Compound E acetate (m.p. 242-244°), the melting 
point was 242-244°; [a]? = +179° (7.76 mg. in 1.2 ml. of acetone). 
Sarett (10) has recorded for synthetic Compound E acetate = + 170° 
(c = ~1.0, acetone). 

The second, contaminated fraction weighed 10 mg. The melting point 
was the same as that of the larger fraction above. Both fractions showed 
maxima at 280 to 285 my, 340 to 345 my, and 410 to 415 my when ex- 
amined by the sulfuric acid chromogen procedure of Zaffaroni. Both 
reduced the tetrazolium reagent and gave red precipitates with Brady’s 
reagent. Assuming that this fraction is pure, the combined recovery 
calculated as free Compound E was 45 mg. 

Isolation of Compound II—As noted in previous experiments, this com- 
pound requires a more polar solvent mixture for elution than is needed 
in the case of Compound E acetate. In this instance it was eluted upon 
the application of 10 per cent ethyl acetate in ether. It crystallized 
readily from absolute ethanol to give fine plates; m.p. 268-272° with 
decomposition (stage preheated to 175°). The pure compound gave a red 
precipitate on treatment with Brady’s reagent, and in alcoholic solution 
an absorption maximum at 238 to 240 my was observed. It did not 
reduce the tetrazolium reagent. In contrast to the previously isolated 
sample (1), this lot did not reduce alkaline silver. It is believed that the 
recorded positive test is in error and the result of silver-reducing con- 
taminants. The addition of sulfuric acid to a few crystals gave a light 
yellow non-fluorescing solution. Examination of this solution over the 
range, 260 to 500 my, showed the presence of a single maximum at 280 
to 285 mu. 

Elementary analyses gave values in fair agreement with the formula 
CIT _20¢. The analyzed sample was recrystallized from absolute ethanol. 


Analysis Hy Og. Calculated. C 66.31, H 8.42 
Found. (a) “ 66.31, “ 8.37 
(b) ** 66.28, “* 8.85 
Rotation—la]% = +118° (5.69 mg. in 1.2 ml. of chloroform) 
E\% = 342 (absolute ethanol) 


Chromatography of pH 1 (12 Hour Hydrolysis) Ketonie Fraction—The 


| acetylated mixture (230 mg.) was chromatographed on a 10 gm. 24 X 80 
mm. magnesium silicate-Celite column. The development and general 
procedure were the same as given for the first column. Two compounds 


were obtained, Compound E acetate and Compound IT deseribed above. 
Both were eluted with solvent mixtures of low polarity. 

Isolation of 17-Hydroxry-11-dehydrocorticosterone Acetate—In this case the 
tetrahydro derivative was not obtained, and elution with 5 per cent ether 
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in benzene gave a crystalline fraction which proved to be Compound E| 
acetate again contaminated with Compound F acetate. Since the various 
subfractions had the same characteristics, they were combined and chro- 
matographed again to give 6.8 mg. of Compound E acetate, m.p. 240—-242°, 
and otherwise identical with the previously isolated hormone. As in the 
previous case, chromatographing a second time did not greatly reduce the 
green fluorescence produced on adding sulfuric acid. The over-all re- 
covery of Compound E from both pH 1 fractions in this experiment was 
51 mg., calculated as the free compound, corresponding to 51 y per liter. 
No additional Compound F acetate was recovered from the above fraction. 

Isolation of Compound II—A second crystalline fraction was obtained 
on Washing the column with 10 per cent ether in benzene. This proved 
to be Compound II, of which an additional 4 mg. were obtained. The 
over-all recovery of this substance from both pH 1 fractions in this ex- 
periment was therefore 13 mg. In the first paper in this series, the free 
fraction from 1000 liters of urine yielded 9 mg. of this compound. 

Elution of the above column with more polar mixtures gave only non- 
crystalline fractions from which nothing could be isolated. 

Isolation of Preqgnane-3a ,17a,21-triol-11,20-dione-3 ,21 Diacetate Foliow- 
ing B-Glucuronidase Hydrolysis of Preextracted Male Urine-——As a part of 
an initial investigation of the enzymatic hydrolysis of urinary conjugates, 
two 35 liter lots of pooled male urine were subjected to 8-glucuronidase 
hydrolysis following the removal of the free fraction. The apparatus and 
extracting procedure were the same as those employed in the fractional 
extraction experiment above. The 6-glucuronidase preparation used was 
obtained by incubating 500 gm. of freshly prepared beef spleen acetone 
powder with 3 liters of tap water. After 2 hours at room temperature, 
the mixture was centrifuged and the supernatant added directly to 
the urine. No assay for 8-glucuronidase activity was performed on this 
preparation. 

The experiment was carried out by first extracting the fresh urine five 
times with chloroform, as described above. The pH was then adjusted 
to 5 by the addition of concentrated HCl with stirring. 1 liter volumes 
of the enzyme preparation were then added and the urine allowed to stand 
at room temperature. After 12 and again after 36 hours the urine was 
extracted five times with chloroform. These extracts were kept separate 
and were fractionated and analyzed as in the experiment referred to above. 


The results of the analyses for the first lot are given in Table IIL. I[t- 


is evident that 8-glucuronidase hydrolysis liberates large amounts of perio- 
date-reacting material and that an appreciable portion of this is ketonie 
and water-soluble in nature. 

Since the water-ketonic fractions appeared relatively clean and since 
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the assay values indicated that recoverable amounts of compounds were 
present, the G-12 and G-36 water-ketonic fractions from both lots of urine 
were combined, acetylated, and chromatographed as above. The ace- 
tylated fraction (118 mg.) was applied to a 12 gm. magnesium silicate- 
Celite column. Elution with benzene alone vielded at first oils and then 
a single crystalline fraction. This proved to consist only of tetrahydro 
Compound FE diacetate. Crystallization from methanol yielded 18.5 mg. 
of plates; m.p. 232-234°. The melting point was not depressed on ad- 
mixture with authentic tetrahydro Compound E diacetate, but was de- 
pressed 20° on admixture with dihydro Compound E acetate. Treatment 
with Brady’s reagent gave a yellow solution. The isolated compound 
reduced the tetrazolium reagent, had the same rotation, and gave the same 


Taare III 
Analysis of Extracts of B-Glucuronidase-H ydrolyzed Male Urine 
The values are in micrograms per liter, calculated as Compound E. 


Fractions analyzed and method 
Extract Crude neutral Ketonic Water-ketonic 
Periodate Periodate Porter-Silber Periodate —_—PPorter-Silber 
Ist free | 328 183 108 170 80 
1030 414 183 405 150 
| 1190 492 307 515 252 


© Fist 12 hour period of hydrolysis. 
t Subsequent 24 hour period of hydrolysis. 


sulfuric acid chromogen spectrum as authentic tetrahydro Compound E 
diacetate. Further elution of the column with more polar solvents gave 
first small non-crystalline fractions which formed red precipitates with 
Brady’s reagent and then oily fractions which could not be characterized. 
The amount of tetrahvdro Compound FE diacetate recovered in this ex- 
periment corresponds to 214 y per liter calculated as the free compound. 
While this does not account for all the steroid present as judged by the 
analytic values for the water-ketonic fractions, it is evident that this 
compound is a major component of the 8-glucuronidase-liberated fraction. 


DISCUSSION 


The amount of Compound FE recovered in this experiment agrees closely 
with that given in the first paper in this series, the values averaging 53.1 y 
per liter. While this exceeds the 20 to 40 y per 24 hour period estimated 
by Zaffaroni, Burton, and Keutmann (12), the data are not strictly com- 
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parable, since the urine we extracted was not adjusted to pH 1, and was 
collected during the day, the known peak period for the excretion of such 
compounds (13). Both results, however, clearly establish the fact that 
this hormone normally appears in male urine. Lieberman and his asso- 
ciates (14) have shown that it is present in the urine of human subjects 
treated with Compound E or adrenocorticotropin. Mason (2) was able 
to isolate Compound E from the urine of patients with Addison’s disease 
or rheumatoid arthritis treated with this hormone, but was unable to 
recover it from postoperative urine or from the urine of patients treated 
with adrenocorticotropin. 

It is difficult at the present time to characterize the free fraction beyond 
the point of indicating its chief recoverable components. Thus there is 
a definite possibility that steroids may be liberated by the action of the 
variable amounts of 8-glucuronidase present in urine. This action is not 
inhibited by chloroform used in the extraction of the unconjugated steroids. 
However, it would appear more likely that the compounds isolated actually 
preexisted in the urine in an unconjugated state? Better evaluation of 
the free fraction must await characterization of the as yet unexplored 
conjugated fraction. It is now generally agreed that acid (pH 1) hydroly- 
sis is incomplete or possibly destructive to compounds of the adrenocortical 
type, and that enzymatic (8-glucuronidase) hydrolysis merits careful in- 
vestigation. Originally, Kinsella, Doisy, and Glick (15) demonstrated 
that 8-glucuronidase hydrolysis of urine liberates significant amounts of 
phosphomolybdate-reducing compounds. More recently it has been re- 
ported that increased amounts of formaldehydogenic (16, 17) and _ bio- 
logically active (glycogen-depositing) substances (16) may be obtained 
in this way. Experiments now in progress in this laboratory have as 
their aim the isolation of such enzyme-liberated compounds. We believe 
that tetrahydro Compound E will prove to be a prominent member of 
this group.‘ It is of interest in this connection to point out the paral- 
lelism between the structure of pregnanediol glucuronide and that of a 
hypothetical tetrahydro Compound E glucuronide. Since the site of con- 
jugation is at the 3 position in pregnanediol (19), it may be postulated 
that such a relation also holds in the case of tetrahydro Compound E. 

The amount of Compound F isolated is surprisingly small and well 
below the value of 20 to 40 y per 24 hour period estimated by Zaffaroni 
and his associates (12). It does not seem likely that this is entirely a 


* Personal communication from Dr. W. H. Fishman. 

* Recently, Kinsella, Baggett, and Glick (18) were able to demonstrate, on ehro- 
matograms obtained from enzyme-hydrolyzed urine, components less mobile than 
Compounds I. and F, whieh gave positive Porter-Silber (7) tests but which did not 
absorb at 240 
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reflection of losses due to its supposed instability or to the noted contami- 
nation of the isolated Compound E with Compound F. In another large 
scale unpublished experiment we were able to obtain only traces of Com- 
pound F from the free fraction, but an amount roughly comparable to the 
above from the acid-liberated (pH 1) fraction. We attach no more than 
qualitative significance to the submitted value. 

Of the three reduction products described in the first paper in this series, 
two (Compounds I and IIT) have since been shown to be samples of tetra- 
hydro Compound E. Its reisolation from both the free and the 8-glu- 
curonidase-liberated fraction in this experiment establishes it as a normal 
urinary constituent. It has also been recovered (20) from the urine of 
human subjects treated with Compound E or adrenocorticotropin. This 
compound is not included in the list (21) of those stervids isolated from 
the adrenal gland. Rather, it is to be regarded logically as a metabolite 
of Compound E, or possibly of Compound F. The ready occurrence of 
such a metabolic reduction of the conjugated unsaturated system may be 
demonstrated in a simple in vitro system. Thus we have shown in un- 
published experiments that the incubation of Compound E with surviv- 
ing rat liver slices results in a rapid (presumably reductive) loss of the 
conjugated unsaturated system. We believe, but offer no supporting evi- 
dence, that dihydro Compound E is formed not by direct enzymatic re- 
duction of the double bond of Compound E but by enzymatic reoxidation 
of the C-3 hydroxyl group of the tetrahydro derivative. 


The author wishes to thank his associate, Miss Patricia M. Horstmann, 
for the periodate and Porter-Silber analyses reported in this paper, Mr. 
Paul J. Schneider, State University of Iowa, for preparing the figure, 
Dr. L. H. Sarett, Merck and Company, Inc., for supplies of tetrahydro 
Compound E diacetate and dihydro Compound E acetate, Dr. V. R. 
Mattox and Dr. H. L. Mason, Mayo Foundation, for a sample of synthetic 
Compound E and a sample of Compound F acetate, and Mr. Perey Natson 
for technical assistance. 


SUMMARY 


l. its dihydro and tetrahydro 
metabolic reduction products, 17-hydroxycorticosterone, and the previ- 
ously described Compound IT have been isolated from the free fraction of 
normal male urine. 

2. The recovery of 17-hydroxy-11-dehydrocorticosterone corresponded 
to 51 y per liter, in close agreement to the value submitted in the first 
paper in this series. 

3. Following 8-glucuronidase hydrolysis of preextracted male urine, 
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tetrahydro Compound FE was isolated in an amount corresponding to 214 


+ per liter. 
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STUDIES OF THE BIOLOGICAL SYNTHESIS 
OF GLUCURONIDES* 


By MARIAN A. PACKHAM anp G. C. BUTLER 
(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 


(Received for publication, August 22, 1951) 


_ Although the biological synthesis of glucuronides from foreign chemicals 
and metabolites has been extensively studied and discussed, little is known 
about the details of the reactions involved. The problem has two phases: 
first, the mechanism of glucuronic acid synthesis and, second, the mode 
of conjugation of glucuronic acid with the glucuronogenic substance. If 
glucuronic acid itself is conjugated with the aglycone, then the two phases 
are distinct. 

Glycogen (1), glucose (2), and glycogenic amino acids (3) have been 
recognized as ultimate precursors of glucuronic acid, but no definite con- 
clusions about the identity of an immediate precursor have been reached. 
Fischer and Piloty (4) suggested that glucosides were oxidized to the cor- 
responding glucuronides, but this hypothesis has not been supported by 
experimental results (5-8). The experiments of Lipschitz and Bueding (8), 
as well as some work by Mrs. Solkin in our laboratory, indicated that lactic 
acid might be necessary for the biological synthesis of glucuronic acid. 
In order to study the relative effectiveness of the most likely precursors, 
we have compared, under identical conditions, the incorporation of lactic 
acid, pyruvic acid, glucose, and bicarbonate into naphthol glucuronide 
excreted by the rat. In addition, in order to be able to assess the réle of 
glycogen, we have determined the specific activity of the liver glycogen 
in each experiment. 

It is not settled that free glucuronic acid is used for the biological syn- 
thesis of glucuronides. The postulation by Fishman (9) of a synthetic 
role for tissue 8-glucuronidase implies that glucuronic acid may condense 
with the glucuronogenic substance. On the other hand, the experiments of 
Lipschitz and Bueding (8) indicated that preformed glucuronic acid was 
not conjugated with borneol to any appreciable extent in surviving liver 
slices. This finding appears to have been used by Levvy (10) to support 
his argument for the purely hydrolytic function of 6-glucuronidase. The 
results of some preliminary experiments in which we administered labeled 
glucuronic acid to rats synthesizing naphthol glucuronide shed some light 
on this problem. 


* This work was aided in part by a bursary to one of the authors (M. A. P.) and 
by grants from the National Research Council of Canada. 
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Materials and Methods 
Synthesis of Labeled Compounds 


Carboxyl-labeled sodium lactate was prepared from C-labeled sodium 
cyanide and acetaldehyde by the method of Sakami, Evans, and Gurin 
(11) and purified through the guanidine salt (12). To the sodium lactate 
obtained from 1 gm. of sodium cyanide were added 2.5 gm. of guanidine 
sulfate and 20 ml. of water. The solution was distilled to dryness in vacuo 
on a steam bath. Water was removed from the residue by adding and 
distilling to dryness in vacuo three successive portions of absolute ethanol. 
The residue was extracted three times with boiling absolute ethanol, each 
extract being filtered while hot. The combined filtrates were evaporated 
to about 10 ml. and stored overnight at 5°. The white crystalline guani- 
dine lactate that separated was collected on a funnel with suction and 
washed with cold ethanol. A further crop was obtained by concentrating 
the mother liquors. Recrystallization from alcohol was repeated until 
the melting point was 162°; yield, 2.5 to 2.9 gm. 

Guanidine lactate (1 gm.) was converted to sodium lactate by dissolving 
it in 10 ml. of water and passing the solution through a column of 10 gm. 
of cation exchange resin (Nalcite HCR) in the hydrogen form. The 
column was rinsed through with water, the effluent being titrated with 1 
n sodium hydroxide (phenolphthalein) until no more alkali was used. 
The resulting solution of sodium lactate was concentrated tn vacuo and 
adjusted to a volume of 10 ml. for administration to the rats. 

a ,8-Labeled sodium lactate was prepared from C-labeled barium car- 
bonate by the method of Cramer and Kistiakowsky (13), with the follow- 
ing modifications. Barium carbide was produced! by mixing 500 mg. of 
dry barium carbonate, 250 mg. of powdered magnesium, and 50 mg. of 
powdered sand in a 15 ml. conical Pyrex centrifuge tube. The mixture 
was covered with an additional 200 mg. of powdered magnesium, the air 
in the tube was replaced with helium, and the tube was lightly stoppered. 
The mixture was ignited by heating at one spot with a small flame; on 
ignition the whole mass fused. Acetylene was generated from the contents 
of the tube by the procedure of Tracerlab, Inc.2. After hydrolysis of acet- 
ylene, difficulty was encountered in removing the acetaldehyde from the 
catalyst solution and it was necessary to distil all the volatile contents of 
the catalyst vessel, at a pressure of 5 uw of mercury, into a vessel cooled in 
liquid air. After this, sodium lactate was prepared and purified as de- 
scribed for the carboxyl-labeled compound. 

Carboryl-labeled sodium pyrwate was prepared by the method of Sakami 


‘Mr. W. H. Stevens kindly suggested this method. 
? Details of this procedure were kindly supplied by Dr. M. Fields, Tracerlab, Ine. 
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etal. (11). It was purified through the brucine salt, which was recrystal- 
lized from benzene to a constant melting point of 196-198° (14) and con- 
verted to sodium pyruvate with a cation exchange column. 

Glucose, uniformly labeled in all carbons with C", was obtained through 
the kindness of Dr. G. Krotkov, who prepared it photosynthetically (15). 
Its purity was proved by paper chromatography before it was used. 

Labeled sodium glucuronate was obtained from the a-naphthol glucu- 
ronide excreted by four rats that had been fed a total of 0.5 me. of C* in 
the form of a,§-labeled sodium lactate. The naphthol glucuronide, iso- 
lated as described below, was hydrolyzed (16) at 100° with 1.0 N sulfuric 
acid (20 ml. for each gm. of naphthol glucuronide) for 6 hours. After 
extraction with ether, the hydrolysis mixture was made alkaline to phenol- 
phthalein with saturated barium hydroxide solution. Carbon dioxide was 
passed through the mixture for a few minutes, after which it was heated to 
100° for 10 minutes and filtered. The filtrate was concentrated to 2 ml. 
in vacuo and mixed with 10 ml. of ethanol; the precipitate of barium glu- 
curonate which formed was collected and washed by filtration. This 
barium glucuronate, dissolved in water, was converted to the sodium salt 
by the use of a cation exchange column. 

Animal Experiments 

Four well fed 200 gm. rats were used in each experiment. To stimulate 
the production and excretion of glucuronide, a suspension containing 150 
mg. of a-naphthol was given to each rat by stomach tube. 1 hour later 
the rats were given the C-labeled compounds, either by intraperitoneal 
injection or by stomach tube. They were then placed in a large desic- 
eator, fitted with wire screens and a metal funnel to allow the separate 
collection of urine and feces. The rats were supplied with water but 
were given no food during the following 8 hours. Carbon dioxide-free 
air was drawn through the desiccator and the expired carbon dioxide was 
trapped by bubbling it through two traps in series, each containing 150 
ml. of 10 per cent sodium hydroxide. The traps were drained and re- 
filled at 1,3, and 8 hours. 8 hours after administration of the radioactive 
compounds, the rats were killed. 


Isolation of Compounds 
Naphthol glucuronide was isolated by the procedure of Young and 
Berenbom (16). The urine excreted in the 8 hours of the experiment was 
adjusted to pH 8 to 9 and stored overnight at 5°. It was then filtered, 
concentrated to about 5 ml. at 50-60° in vacuo, neutralized, and mixed 
with 0.6 gm. of p-toluidine hydrochloride. After chilling, the crude p-to- 
luidine naphthol glucuronide was collected by filtration, washed, and dis- 
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solved in boiling water. The solution was treated with charcoal andj: 


filtered. The white crystals which formed in the filtrate after chilling 


were collected by filtration, washed, and dried. They were converted to} —- 


naphthol glucuronide by the addition of 6 N hydrochloric acid (1 ml. per 
100 mg.). The naphthol glucuronide was collected by filtration, washed 
with cold water, dried, and recrystallized, if necessary, from hot water 
(m.p., 197-198°). 

Liver glycogen was isolated by the method of Stetten and Boxer (17). 

Expired carbon dioxide, trapped in the 10 per cent sodium hydroxide 
solutions, was precipitated by the addition of a saturated solution of bar. 
ium chloride. The precipitate was collected on a filter, washed with hot 
water, and dried at 110°. 


Measurement of Radioactivity 


Samples were distributed over an area of 3.14 sq. cm. on aluminum 
dishes, dried, and counted with a Geiger-Miiller tube with a mica window 
of thickness 2 mg. per sq. cm. All counts were corrected for background 
and self-absorption. Specific activities were calculated as counts per 
minute per mg. of carbon in the sample; in the case of naphthol glucu- 
ronide the carbon of the naphthol was ignored. Relative specific ac- 
tivities (specific activity of the substance divided by the total number of 
counts per minute administered) were used to compare the results of dif- 
ferent experiments. 


Results 


Each entry in Tables [ and II is the result of an experiment with four 
rats. Figures for liver glycogen have been omitted from Table [, because 
in each experiment it contained less than | per cent of the administered 

In Experiment 17, urea was isolated from the urine after the extraction 
of naphthol glucuronide. Only 6 per cent of the C™ in the mother liquor 
of the urine (0.2 per cent of that administered) was found in the urea car- 
bon. The remainder was not accounted for. The specific activity of the 
urea carbon was 536 ¢.p.m. per mg. of carbon, which corresponds closely 
to the average specific activity of the expired carbon dioxide in this ex- 
periment, 557 ¢.p.m. per mg. of carbon. 


DISCUSSION 


It will be convenient to discuss the results of two groups of experiments, 
Nos. | to 18 and 19 to 22, separately. 

Experiments 1 to 18—Under the conditions of our experiments less than 
1 per cent of the administered C™ was found in the liver glycogen. In 
addition, it can be seen from Table IL that the relative specific activity 
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TaBie 
Recovery of Radioactivity 
| | Per cent of dose recovered 
Experiment Compound administered Route In expired CO: 
Othr.  1-3hrs. | 3-8 brs. 
1  CH,CHOHC"OONa | Intra- 29 41 17 0.25 5 
| 
toneal 
2 “ 24 45 13 0.15 
3 e 41 53 10 0.6 
4 Oral 5 12 50 0.25 
5 “ 6 20 38 0.42 1.4 
6 C“H,C“HOHCOONa | Intra- 30 42 18 0.73 
peri- 
toneal 
7 “ 13 27 14 0.97 | 14 
8 Oral 4 16 51 0.31 
3 16 47 0.65 3.5 
10 = ay 12 42 2.6 2.6 
ll CH,;COC“OONa Intra- 48 30 9 0.5 
peri- 
toneal 
12 Oral 7 15 63 0.76 
13 Glucose Intra- 13 30 18 1.21 
peri- 
toneal 
14 Oral 4 | 15 | 35 
15 NaHCO, Intra- 60 27 3 0.08 
peri- | | 
| toneal © | | | 
16 “ ia | @ 7 0.19 
17 Oral 23 | 40 19 0.11 2.7 
19 | Sodium glucuronate | Intra- i i 78 
| peri- 
toneal 
20 | | 82 
Oral (0) (2) 0.6 4.1 
22 (0) (0) 24 0.73 5.2 
The figures in parentheses are not considered reliable because of low counting 
rates. 


* The percentage found in the isolated glucuronide. The total activity present 


as glucuronide must be greater. 
t The percentage in the mother liquor of the urine after isolation of the glu- 


curonide. 
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Taste II of t 
Incorporation of C* into Glucuronic Acid acid 
glue 
xe | 
c.p.m. 
| Compound administered | | Route | 
Glucu- iver CO: 
| boli 
| O-1 hr. 0-3 brs. 0-8 bn 
mg. | | A 
1 CH;,CHOHC"OONa 195 _siIntra- 94 905 | 752 270 
peri- to 0 
toneal grot 
2 195 | 71! (1.8) 714 | 562 | 206 did 
3 15 “ 10 1400 784 323 | thu: 
4 195 | Oral 124 | 17 170 | 226 | 198 | og 
5 100 | (1.5) 133) | «182 7 
6 C“H,C“HOHCOONa 195 _sIntra- 287 | 79 385 352 165 
peri- | one 
 toneal | thes 
7 15 208 | (3) 830 566 | 256 | whi 
8 | 195 | Oral 253 | (1) 70 143 183 
9 187 | (2) 94/147 | 187 | 
10 248 | 29 114 153 196 
11  CH,COC“OONa Intra | (3) | 1360 717 | 251 | biol 
. peri- tion 
toneal of 
Oral 128 9 216 185 | 235 | 
13. | Glucose* 5 | Intra- 316 30 355 360 | 172 
peri- was 
toneal that 
14 5 | Oral 340 | 25 116 | 168 | 161 | acid 
15 NaHCO, Intra- 21; 4 1520 | 668 | 257 E 
peri- | 
| | toneal Jeet 
16 30 12 1280 | 582 | 212 
17 Oral 4 712 527 | 240 ina 
18 28 16 832 507 | 200 | gluc 
19 Sodium glucuronate Intra- 2030 (0) (27) | (23) rela 
| witl 
| | 0 
20 1840 | | 
19 | Oral 223 | (0) (0) (12) | 162 tabe 
The figures in parentheses are not considered reliable because of low counting) oa 
rates. 
* Uniformly labeled in all carbons. gluc 
t With 180 mg. of sodium lactate. pire 
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of the liver glycogen was always much less than that of the glucuronic 
acid. It thus appears that liver glycogen was a less direct precursor of 
glucuronic acid than were any of the compounds administered. 

The incorporation of C™ into glucuronic acid (see Table I) was usually 
less than 1 per cent. This low incorporation indicates that the compounds 
administered were greatly diluted by entry into a large and active meta- 
bolic pool. The large excretion of C™ in the exhaled carbon dioxide (see 
Table I) supports this conclusion. 

Although active decarboxylation of lactic and pyruvic acids is known 
to occur tn vivo, the administration of these acids, labeled in the carboxyl 
group, vielded glucuronic acid with a higher relative specific activity than 
did the administration of labeled bicarbonate (Tables II and III). It 
thus seems reasonable to conclude that the intact 3-carbon chain of lactic 
and pyruvic acids can be incorporated into glucuronic acid. 

The fate of pyruvate was studied because of the possibility that only 
one enantiomorph of the synthetic pt-lactic acid might be used in the syn- 
thesis of glucuronides. Cori and Cori (18) reported experiments with rats 
which showed that only p-lactic acid could be incorporated into liver 
glycogen. Since pyruvate is in equilibrium with lactate in vivo, the ad- 
ministration of pyruvate should be equivalent to giving the postulated 
biologically active form of lactic acid, assuming that pyruvate, on reduc- 
tion in the tissues, gives rise to only one isomer of lactic acid. The results 
of our work (Table IT) show, however, that the relative specific activity 
of the glucuronie acid in the experiments with carboxyl-labeled pyruvate 
was very like that found with carboxyl-labeled pi-lactate. This suggests 
that both p- and L-lactate may be used for the synthesis of glucuronic 
acid. 

Experiments 19 to 22—It can be seen from Table I that after the in- 
jection of labeled glucuronate, in Experiments 19 and 20, about 20 times 
as much of the C™ appeared in the excreted a-naphthol glucuronide as 
in any other experiment. In addition, about 3 times as much naphthol 
glucuronide was isolated from each urine sample. It thus appears that a 
relatively high proportion of the injected glucuronate was conjugated 
with the a-naphthol. 

Other results of these experiments (Nos. 19 and 20) show that the me- 
tabolism of glucuronate is quite different from that of the other substances 
studied. One such result is the finding of so high a percentage of the in- 
jected C™ remaining in the mother liquors of the urine after isolation of 
the a-naphthol glucuronide; this may be due to the excretion of unchanged 
glucuronate. Another is the almost complete absence of C™ in the ex- 
pired carbon dioxide. 

Glucuronate was the only substance tested which gave very different 


bs 
270 
224 
323 
198 
182 
165 
256 
183 
187 
196 
251 
172 | 

161 
257 
212 
24 
209 | 
23) | 
62 | 
74) 


356 BIOLOGICAL SYNTHESIS OF GLUCURONIDES 


results by the two routes of administration. The much lower incorpora- 
tion into naphthol glucuronide found after feeding may be due to the 
relatively slow absorption of glucuronate from the gut. In Experiment 
22, 50 per cent of the administered C' was found in the gut 8 hours after 
feeding the labeled sodium glucuronate. The finding of all the exhaled the 
C™ in the 3 to 8 hour sample (Experiments 21 and 22) is in keeping with 
this result. Obviously these points require further study. 

All Experiments—In Table IIT the results of all the experiments have , 
been summarized for comparison. The basis for this comparison is the} 4 
report of Eisenberg and Gurin (19) indicating that the carbons of lactate} 3 
and bicarbonate are incorporated into glucuronic acid in the same fashion| 4. 
as they are into glucose (20). Thus, bicarbonate and carboxyl-labeled| 5. 
lactate and pyruvate can contribute to the labeling of only 2 carbons : 

8 
9 


III 
Relative Efficiencies: of I nessa into Glucuronic Acid 


Compound administered | Factor | 

CH,COC"OONa x 3 333 

C“H,CUHOHCOONa 27 xX 1.5 385 

Glucose.......... 327 x1 327 | 
27 x 3 81 
Sodium glucuronate (by injection)... 1935 x 1.5 2900 18. ( 
“ 174 x 1.5 261 


(3 and 4) of glucuronic acid, “it the relative specific activities are multi- 
plied by 3.0. Lactate labeled in the @ and § positions provides label 
mainly for only 4 carbons (1, 2, 5, and 6) of glucuronic acid, and the rela- 
tive specific activity is accordingly multiplied by 1.5. Since the glucose 
was labeled uniformly, the factor is 1.0. The labeled glucuronic acid was 
synthesized biologically from a,-labeled lactate, and presumably only 4 
of its carbons would contain appreciable amounts of C™; hence a factor 
of 1.5 is used. 

If this basis of comparison is valid, it can be seen from Table IIT that 
there is practically no difference between the effectiveness of lactate, 
pyruvate, and glucose in producing glucuronic acid. This leaves the ques- 
tion of the immediate precursor of glucuronic acid still open. The results 
with labeled glucuronate show that under favorable conditions it can be 
converted directly to glucuronide. 

All these results seem to indicate that a critical evaluation of the con- 
clusions of Lipschitz and Bueding (8) is needed. 
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SUMMARY 


Lactate, pyruvate, and glucose labeled with C™ have been found to be 
incorporated to an equal extent into urinary a-naphthol glucuronide in 
the rat. Labeled glucuronate, given orally, has shown a similar incorpora- 
tion, while by intraperitoneal injection it has been 20 times as effective. 
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CHARACTERISTICS OF THE AMINO ACID-INCORPORATING 
SYSTEM OF LIVER HOMOGENATES* 


By ELBERT A. PETERSON ann DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 7, 1951) 


The present paper describes the characteristic properties of the amino 
acid-incorporating system of centrifugally fractionated rat liver homogen- 
ates. The chief active component is a fraction, rich in cytoplasmic gran- 
ules and microscopically free of whole cells and nuclei. 

That a net synthesis of a specific protein can be made to occur in in 
vitro systems appears to have been demonstrated in tissue slices by Peters 
and Anfinsen (3) and by Hokin (4), although so far not in broken cell 


preparations. 
Methods 


Preparation of Enzyme Systems—The rat livers, quickly removed, were 
washed briefly and homogenized in the cold for 2.5 minutes in an equal 
weight of buffer solution’ by means of a glass Potter homogenizer. The 
homogenate was mixed with 2 volumes of the buffer solution and centri- 
fuged for 5 minutes at 2000 r.p.m. (680 X g) in 50 ml. conical tubes in the 
No. 814 combination angle head of the International Equipment Company 
refrigerated centrifuge. The supernatant fluid was transferred to 12 ml. 
graduated heavy duty tubes? and centrifuged for 30 minutes at 4000 r.p.m. 
(2700 X g) to yield a packed sediment of particles. The liquid was de- 


* Supported in part by research grants from the American Cancer Society, rec- 
ommended by the Committee on Growth of the National Research Council, and the 
National Cancer Institute of the National Institutes of Health, United States Public 
Health Service. Preliminary publications have appeared (1, 2). 

Condensed from a thesis submitted by E. A. Peterson to the University of Cali- 
fornia for the degree of Doctor of Philosophy, 1951. Lack of space prevents pub- 
lication of many important details of this investigation. Microfilm or photostat 
copies can be secured on order from the University of California Library. 

t Present address, National Cancer Institute, United States Publie Health Serv- 
ice, Bethesda, Maryland. 

' The buffer solution (0.12 m KCI, 0.04 uw KHCO, equilibrated with oxygen con- 
taining 5 per cent CO.) maintained the systems at pH 7.4 to 7.5, which was found 
to be optimal for incubation. 

?Small tubes were used because the shorter distance to the wall reduced the 
time required for sedimentation. . 
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canted and the inner walls of the inverted tubes were blotted with filter 
paper. 

For the PS preparation, the particles were mixed with an equal volume 
of a supernatant fluid obtained by centrifuging a portion of the original 
1:1 homogenate for 30 minutes at 4000 r.p.m. The PM system was 
prepared by mixing equal volumes of particles and buffer solution. It 
consisted, therefore, of a concentrated suspension of mitochondria (con- 
taminated with microsomes) in an approximately isotonic 12-fold diluted 
solution of soluble cell components. The temperature was maintained at 
0-5° throughout all manipulations. 

Solutions of activators, etc., were evaporated to dryness in 12 ml. cen- 
trifuge tubes in vacuo at room temperature, and 0.03 ml. of the labeled 
amino acid solution was added. After the addition of 0.3 ml. of the en- 
zyme preparation, the tubes were flushed with a stream of 95 per cent 
oxygen and 5 per cent COs, securely stoppered, and inserted into a circular 
rotating rack, which was then immersed in a 37° bath for | hour. Rotation 
of the rack about a horizontal axis parallel with the tubes caused the small 
volume (0.33 ml.) of viscous liquid to spread in a film on the wall of each 
tube, assuring adequate equilibration with the gas phase. 

The contents of the incubated tubes were diluted with water to 2 ml., 
and 6 ml. of 10 per cent trichloroacetic acid (TCA) were added. The 
protein precipitate was resuspended in 10 ml. of 5 per cent TCA four times, 
in 8 ml. of alcohol once, in 8 ml. of 3:1 alcohol-ether mixture (3 minutes 
at 60°) three times, and finally once in 10 ml. of ether. During the second 
TCA wash, the tubes were heated for 15 minutes at 90° to remove nucleic 
acid (5). The dry protein was collected in smooth layers on 4.5 cm. 
aluminum plates for counting. 

With a mica end-window counter tube 3 inches in diameter, having a 
thickness of 1.2 mg. per sq. cm., sufficient disintegrations were counted to 
reduce the probable error to less than 2 per cent for moderately active 
samples. In counting tests on two twelve replicate sets of protein samples 
having specific activities of about 20 c.p.m. per mg., the standard deviation 
of a single determination was 2.1 and 2.7 per cent, respectively. These 
deviations include plating and weighing errors as well as the uncertainty 
inherent in the counting of random disintegrations. 

Self-absorption corrections were applied to protein and amino acid spe- 
cific activities from a table prepared in this laboratory. Barium carbo- 
nate values were corrected by use of the data of Yankwich et al. (6). 

Presentation of Data—The incorporation has been presented, in most 
cases, as micrograms of labeled carbon per gm. of protein, “labeled carbon” 
being defined as the carbon, both C" and C", in the labeled position of the 
original radioactive amino acid. It is calculated from the specific activity 
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of the protein and that of the original amino acid (A*) as follows: 


¢.p.m. per gm. protein 
wt. of A* X e.p.m. per y A* 
12 


Occasionally the specific activity of the protein, in counts per minute 
per mg. of protein, is given in parentheses beside the figures for incorpora- 
tion. 
Acids—Glycine-2-C™ with 10° c.p.m. per mg., glycine-1-C" 
with 10°, pi-alanine-2-C" with 7.5 10°, pi-phenylalanine-3-C™ with 
4 X 10°, and pt-leucine-2-C" with 3 X 10° were obtained through a co- 
operative arrangement with Dr. M. Calvin of the University Radiation 
Laboratory. and pi-methionine-CH;-C™ with specific ac- 
tivities of 4.5 X 10° and 2.4 X 10° ¢.p.m. per mg., respectively, were kindly 
supplied by Dr. H. Tarver. 


Incorporation = 


Results 


Properties of PS System—The high activity of the PS preparation re- 
vealed that residual unruptured cells were not responsible for the amino 
acid uptake, inasmuch as the coarsest 80 to 90 per cent of the particulate 
material (including, presumably, essentially all unbroken cells) was dis- 
carded in the preliminary sedimentation. Moreover, a mixture of this 
coarse particle fraction and the supernatant fluid from a 1:1 homogenate 
proved to be somewhat less active than a PS preparation made in the 
usual manner. 

The particles and the supernatant fraction showed very little uptake 
when incubated separately with labeled glycine; the combination was re- 
quired for activity. Rat blood serum or heart extract could not replace 
the supernatant fluid. Some success was attained with an ultrafiltrate 
of the fluid, although the high concentration of protein made ultrafiltration 
a very slow process. 

Although the particles were very sensitive to freezing, the supernatant 
fluid was apparently not affected by storage in a deep freeze locker for 


more than a week. In the liquid state, however, even at 0°, it lost much 


of its effectiveness in a few hours. 

The activity of both the PS and the PM systems declined rapidly on 
storage of the particles and supernatant fluid, separately, at 3°. About 
half of the activity was lost in 90 minutes, emphasizing the need for rapid 
preparation. That both fractions of the PS contributed to this decline 
was revealed by attempts to reactivate stored samples of each component 
with fresh preparations of the other. 

Dialysis of the supernatant fluid for 2.5 to 4 hours against the KCl- 
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KHCO,; buffer at 3-5° largely removed its ability to activate fresh particles. 


€ 


It was only 10 to 20 per cent as effective as an undialyzed portion stored} poy 


at the same temperature for an equal period. 

Upon centrifugal separation of the incubated PS preparation, it was 
found that the protein in the supernatant fluid contained a greater pro- 
portion of the incorporated radioactivity than did the particulate protein. 
This suggests that the supernatant material might be capable of incor- 


porating amino acids if a suitable energy source were available. However,| — 


alternative possibilities are that the particles either released soluble pro- 
tein or carried out the incorporation of the label into temporarily adsorbed 
soluble protein. 

Inhibitors—Table I lists compounds tested as inhibitors, mostly on the 
PS system. The high inhibiting power of methylene blue was undoubtedly 
due to its ability to interfere with the coupling of phosphorylation with 
oxidative processes (7). Sulfate ion is said to have a similar effect (8) 


and proved to be a moderately effective inhibitor of incorporation. Per- 
haps the inhibition by ferricyanide arises in the same manner. Fluoride, 
arsenite, and malonate are well known inhibitors of the Sct 
reactions, themselves. Phlorhizin was without effect. 

Although citrate stimulated uptake by the PM preparation, it inhibited 
the PS system when used alone in sufficient concentration. In the pres- 
ence of the other activators it was without effect and, accordingly, may 
act by removing magnesium ion in a complex. 

Magnesium ion was a strong inhibitor, but this effect was reversed in 
the completely activated system. 

The nearly complete inhibition by toluene and n-octanol is evidently 
due to their action on the lipide structures in the granules, with consequent 
loss in the ability of the system to provide energy for synthesis. 

A few compounds have been tested also for their inhibition of the PM 
preparation (Table I). A very powerful inhibitor was found in zine sul- 
fate, which even at a low concentration almost completely eliminated 
incorporation. 

Properties of PM System—Since it was evident that a soluble dialyzable 


factor (or factors) was supplied by the supernatant component of the PS_ 


mixture, attention was turned to the replacement of this component by_ 


act! 


simple compounds. When the particles were used without washing (as in | (se 


the usual PS preparation), the initially low activity was multiplied sev eral | 
fold by the addition of Mg*, ATP, and a mixture of L-amino acids. This 
is illustrated by the data in Table I]. Examples are also given to show 
that such activation does not occur anaerobically and that washing the 
particles in KCI-KHCO, buffer prior to incubation results in low incor- 
poration. 
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Table II shows that adenylic acid could take the place of adenosinetri- 


ticles. phosphate (ATP) if supplemented with inorganic phosphate. Cobalt 
tored| pould, to some extent, replace magnesium, but manganese was only slightly 
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activating. It is of interest that these metals inhibited incorporation 


Taste I 
Inhibitors of Glycine-2-08* Incorporation 


Experiment No. Compound 
PS preparation 
I MgSO, 6 85 
12 75 
 NasHAsO, | 6 
K malonate | 45 «86 
“ Methylene blue 0.8 89 
“ K:Fe(CN)s | 9 93 
II Phlorhizin | 1 0 
MnS0O, 3 0 
10 94 
Ill K,S80, 6 24 
15 40 
24 54 
33 58 
IV K citrate 3 7 
| 9 58 
V Toluene (0.01 ml.) 97 
** (with activators ) 98 
PM preparation 
I | Mns0), | 15 © 35 
CoSO, 1.5 54 
ZnSO, 1.5 07 
Il | K oxalate | 1.2 20 
lll | Toluene | (0.01 ml.) 99 


when magnesium was present and that cobalt was the stronger inhibitor 
(see Table I). Experiments were performed to determine the optimal 
concentrations of magnesium and adenosinemonophosphate (AMP) (or 
ATP) to employ in the experimental work. These led to a choice of con- 
centrations of 10 mM per liter of MgCl.and 3 mm per liter of AMP in the 
presence of 3 mm per liter of phosphate. Phosphate was not required 
when ATP was used. 
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Winnick (9) has observed that the amino acid incorporation of fetal 


liver homogenates, inactivated by short periods of dialysis, can be reacti- P 
vated by Mg** and adenylic acid components. 4 
Oxridizable Substrates—Although oxidizable material was presumably sup- ( 
plied by the L-amino acid mixture, the addition of some of the components i 
II in 
Stimulation of Glycine-8-C™ Incorporation by Adenylic Acid System and t-Amino m 
Acids in PM Preparation 
Glycine-2-C" = 1.2 mM in both experiments. 
Experi- Incorporation, 7 C* 
ment No. | _s«~per gm. 
I No additions 0.46 
6 mw MgSO, + 1 mw ATP + 
“+1 % (washed particles) 0.34 
PS 4.41 (34) 
Ilt No additions 0.67 
MgCl, 0.21 
+AA 0.21 
ATP 0.59 
MgCl. + ATP 1.42 
4.18 
+AMP+ “ 3.20 
“ 4+ + phosphate 4.12 
+ADP+ “ 4.00 
| c+ “* + “ + phosphate 4.80 (28) 


t AA = 0.02 ml. of L-amino acid mixture giving the following mm concentrations  __ 
of the L-amino acids in the final volume: glutamate 1.19, aspartate 0.81, tryptophan 
0.11, histidine hydrochloride 0.25, serine 1.07, arginine hydrochloride 0.46, lysine ble 
See 0.67, phenylalanine 0.68, isoleucine 0.67, valine 0.89, threonine 0.74, — 


tyrosine 0.32, leucine 0.96, proline 0.39, cystine 0.09, methionine 0.65, alanine 0.87. rat 
The solution was adjusted to pH 7.5 with KOHL. 9 n 

t Concentrations, MgCl. = 10 mu; ATP, AMP, and ADP = 3.0 mM; phosphate 
(pl 7.5) = 3.0 mm. the 
qui 


of the tricarboxylic acid cycle increased the incorporation (Table IID). > gy 
Of these, potassium citrate was the most effective. Pyruvate produced | gp, 
no stimulation. an 

Of interest in this connection is the effect of citrate in prolonging the | yo; 
period of incorporation, in the presence of the L-amino acid supplement, | poy 
as shown in Fig. 1. When the 0.02 ml. of the complete amino acid mix- > gop 
ture (Table IT) was replaced by 0.06 ml. of the MAGAPA solution (see 1 
Table TV for composition), the omission of citrate did not greatly affect | yy, 
the shape of the curve, although incorporation was markedly higher in its | 4, 


XUM 
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presence. This is shown in Fig. 2, where it can be seen that the incor- 
poration continued, although at a reduced rate, for about 6 hours. Pro- 
tection by citrate was apparently unnecessary at the low temperature 
(0-5°) maintained during the preparation of the enzyme system, for the 
incorporation was the same whether the citrate and magnesium were added 
immediately after homogenization or just before incubation, in the usual 
manner. 

L-Amino Acids—The réle of the amino acid mixture appears to be more 


Taste Ill 
Effect of Oxidizable Substrates on Glycine-2-C“ Incorporation in PM Preparation 
Incorporation in micrograms of C* per gm. of protein. Glycine-2-C = 1.2 mm. 


Other additionst 
None MgCl + ATP = MgCh + ATP + AA 
I None 0.71 1.26 2.55 

Pyruvate 0.64 1.21 2.66 
Succinate 0.56 1.63 2.54 
a-Ketoglutarate 0.52 2.01 3.38 (20) 

Il None 3.57 
Pyruvate 2.25 3.46 
Succinate 1.99 4.78 
Citrate 3.59 6.34 (37) 
“N” solution} 2.80 5.40 
Fumarate 2.08 
Malate | 
a- Ket oglutarate | 


t MgCl; = 10 mu; ATP = 3.0 ma; AA = 0.02 mi. of 1-amino acid mixture (Ta- 
ble II). 

tN” solution = oxalacetate, malate, succinate, a-ketoglutarate, citrate, fuma- 
rate, and pyruvate in equimolar proportions (total = 9 ma); other substrates = 
9 


than that of supplying oxidizable material as a source of the energy re- 
quired. ‘The data of Table III reveal that, even in the presence of pre- 
sumably adequate amounts of components of the tricarboxylic acid cycle, 
the mixture of L-amino acids was required for maximal activity. Figs. 3 
and 4 demonstrate further that the L-amino acid mixture and citrate were 
not mutually replaceable, since the maximal incorporation attained with 
both present exceeded by far the incorporation provided by the optimal 
concentration of each, alone. 

When individual amino acids were tested at the same concentrations as 
when added as part of the mixture, only five produced any significant 
stimulation of the uptake in the presence of magnesium and ATP; namely, 
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aspartic acid, glutamic acid, arginine, proline, and alanine (AGAPA), | cy 
Moreover, it was found that the activation produced by the complete | th 
mixture of L-amino acids could be equaled by a combination of the above | res 

| 

SE 

ws | 

a ° 

o—o OOO6M K CITRATE 

NO CITRATE ADDED 

20 40 60 80 


MINUTES OF INCUBATION AT 37° 


Fic. 1. Effect of citrate on the incorporation of glycine-2-C™ with time in the 
PM preparation. All tubes contained 10 mu MgCl, 3 mau ATP and 0.02 ml. of L- | of , 


amino acid mixture. All 
AFTER SH TREATMENT 
e—e OO06M CITRATE 
~ 
Sel 
6+ 
4 | 
S oL OO06M CITRATE 
S x y o—o NO CITRATE 
| 
2m i 3 i i 
2=o 100 200 300 400 


MINUTES OF INCUBATION AT 37° 
Fic. 2. Total and thiol-resistant incorporation activity of glycine-2-C™ with time 
of PM preparations containing MAGAPA in the presence and absence of citrate. ; 
All tubes contained 10 mu MgCls, 3 mu ATP, 6 mat citrate, and 0.06 ml. of MAGAPA |“ 


amino acids plus methionine. For convenience, this mixture will be desig- 
nated MAGAPA. Since the original free amino acid content of the par- | It i 
ticle preparation was unknown and probably was variable, it did not appear | acic 
profitable to attempt to establish the indispensability of each component C 
of MAGAPA, var 

Further evidence that the L-amino acids do more than provide Krebs | 3-C 
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cycle intermediates is given in Table IV, where the activating effect of 


the AGAPA mixture is compared with that of a solution containing cor- 
responding concentrations of pyruvate, oxalacetate, and a-ketoglutarate. 


OO06M K CITRATE 
oo NO CITRATE ADDED 


Q02 Q04 Q06 008 
Mi. OF L-AMINO ACID MIXTURE 
Fic. 3. Effect of variation in amount of L-amino acid mixture on incorporation 


of glycine-2-C™ in the presence and absence of citrate, with the PM preparation. 
All tubes contained 10 mu MgCl, and 3 mu ATP. 


©02 MI L-AMINO ACID MIXTURE 
oo NO L-AMINO ACID MIXTURE 


001s 
MOLARITY OF ADDED 
POTASSIUM CITRATE 


Fic. 4. Effect of variation in citrate concentration on the incorporation of gly- 
cine-2-C™ in the presence and absence of L-amino acid mixture, with the PM prepa- 
ration. All tubes contained 10 mu MgCh and 3 mu ATP, 


MICROGRAMS LABELED CARBON 
INCORPORATED PER GM. PROTEIN 


It is evident that the keto acids could not replace the solution of amino 
acids. 

Other Labeled Amino Acids—The response of the PM preparation to 
various activators with regard to the uptake of serine-3-C™, phenylalanine- 
3-C™, and leucine-2-C", as well as that of glycine-2-C", was reported in 
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a preliminary publication (2). The requirements were similar in all four 
cases.* 

Removable Radioactive Fraction—Keston* found that, when rat liver 
homogenates were incubated with radioactive glycine and the protein 
isolated by a procedure essentially similar to that used here, the incor. 
porated radioactivity could be largely removed by dialysis in ammonium 
hydroxide solution. In a related experiment in this laboratory, with PM 
protein labeled with glycine-2-C", it was found that extraction with hot 
water (90°) followed by extraction with 0.5 m NH,OH at room tempera- 
ture reduced the specific activity of the protein to half its original value. 


Tasie IV 
Comparison of AGAPA Mixture of t-Amino Acids with Corresponding Keto Acids 
All tubes contained 1.2 mm glycine-2-C" + 10 mm MgCl, + 3mm ATP + 6mm K | 
citrate (PM preparation); AGAPA = 0.82 mM aspartate, 1.20 mm glutamate, 0.68 
mM arginine hydrochloride, 0.39 m™ proline, 0.85 mM alanine; keto acids = 0.8 mx 
oxalacetate, 2.2 mm a-ketoglutarate, 0.9 mm pyruvate. 


Other additions Incorporation, 7 C* 


per gm. 

None 2.75 | 
AGAPA 4.25 
4 02 
AGAPA + 0.09 mM eystine....... | | 4.64 
Keto acids + 0.09 mM cystine 3.26 
AGAPA + 0.65 mm methionine. 4.74 
Keto acids + 0.65 mm methionine aks 3.80 

AGAPA + 0.09 m™ cystine + 0.65 mm methionine. __ 5.20 (32) 

3.59 


Keto acids + 0.09 mu cystine + 0.65 mm methionine . 


Of the total radioactivity, 47 per cent was recovered from the extracts, 
three-quarters of which represented TCA-soluble material having a specific 
activity almost 6 times that of the residual protein. This was equally 
distributed between the two extracts. These observations were explained 
by later experiments which indicated the labile linkages to be disulfide 
bonds. 

Bloch and Johnston and Bloch (10, 11) reported that the incubation of 


+ Methionine-CII],-C™, on the other hand, deviated widely from this pattern. 
Of the regular PM “activators,’’ only ATP could stimulate the incorporation of 
this label. The AGAPA mixture of L-amino acids was strongly inhibitory. How- 
ever, it is now known that most, at least, of the incorporation of this label does not 
involve peptide linkages; hence its deviation from the behavior of the other incor- 
porations is to be expected. 

* Personal communication. 
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liver homogenates and acetone powder extract with radioactive glycine 
resulted in the appearance of glutathione of very high specific activity. 
This synthesis would be expected to occur in the systems used in the pres- 
ent investigation, and it was suspected that a portion of the label incor- 
porated in radioactive glycine experiments might be attributed to gluta- 
thione bound to the protein by disulfide linkages. Evidence for this was 
found when treatment of the protein with mercaptoethanol or with per- 
formic acid resulted in the loss of a major part of the radioactivity. Con- 
sidered in conjunction with the ninhydrin and enzymatic hydrolysis 
experiments (see below), this showed that part of the labeled carbon was 
bound by peptide linkage to a relatively small structure (not precipitated 
by TCA) which contained a sulfhydryl group, presumably that of cysteine. 

The mercaptoethanol treatment was accomplished by suspending ap- 
proximately 15 mg. of the protein in 1 ml. of a 1:5 mixture of mercapto- 
ethanol and water, adding 2 drops of 2 per cent alcoholic thymol, and’ 
allowing the suspension to stand at room temperature for 20 to 30 hours 
under nitrogen. 10 volumes of 5 per cent TCA were then added and the 
sediment was recovered. After an additional 5 per cent TCA wash, fol- 
lowed by two of alcohol and one of ether, the protein was deposited on 
plates and the radioactivity counted. 

For the performic acid treatment, a similar amount of protein was dis- 
solved in 1 ml. of 98 per cent formic acid and 0.2 ml. of 30 per cent hydro- 
gen peroxide was added. After 30 minutes at room temperature, 10 vol- 
umes of 5 per cent TCA were added and the precipitated protein was 
washed as described in the preceding paragraph. This oxidation procedure 
is a modification of that used by Sanger to split insulin into polypeptide 
fragments (12). It apparently made little difference whether the mercapto- 
ethanol treatment was applied immediately after incubation (before pre- 
cipitation with TCA) or after the protein had been washed and dried. 
Also, the two reagents gave approximately the same results. 

It was found, incidentally, that these treatments removed somewhat 
more radioactivity than the hot water and ammonium hydroxide treat- 
ments reported above. Moreover, successive extractions with hot water, 
0.5 mw NH,OH, and mercaptoethanol lowered the specific activity of the 
protein to the same value as that attained by mercaptoethanol treatment 
alone.® 

The data of Table V provide a comparison of several different radio- 


* Mereaptoethanol-treated radioactive PM protein was subjected to another 
type of treatment, involving solution in 2.5 w KOH containing 15 per cent urea, 
followed after an hour at room temperature by reprecipitation with trichloroacetic 
acid. This rather drastic treatment resulted in a decrease in specific radioactivity 
of about 15 per cent. 
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active protein preparations, variously labeled, with respect to their behavior 
when treated with mercaptoethanol or performic acid. Protein labeled 
with radioactive glycine showed the greatest loss in activity (as much as 


V 
Reductive and Oxidative Treatment of Several Different Radioactive Protein 
Preparations 
| Specific radioactivity, c.p.m. per mg. Pet cent resistant 
Initial After After To per- 
SH —_performic acid) formic acid 
Glyeine-2-C% | PM(3)* — | 25.2-31.5 | 8 .1-18.3 | 32-58 
24.2,28.0 10.4, 7.4 10.0, 6.8 43,26 41,24 
pL-Serine-3-C'* 13.3 11.4 66 57 
pL-Phenyl- 60.6 62.2 102 
* alanine-3-C'* 
pL-Phenyl- 51.7 44.8 87 
alanine-3-C'* 
Glycine-2-C'% | PS (4) 22.3-27.8 | 12.2-17.5 55-78 
pi-Serine-3-C™ | “ (2) 15.4,17.4 | 14.4,15.2 94, 87 
pL-Phenyl- xg 66.0 67.7 102 
alanine-3-C'* 
pL-Leucine-2- 9 10.5 109 
cu 
Glycine-2-C'* Whole homo- 13.4 6.5 | 48 
genate | ' 
Glycine-1-C'* Whole homo- 16.4 8 .0 | 49 
genate | 
“ Liver slices 80.6 75.6 72.0 
pi-Serine-3-C'% 1|@2 42.7 42.2 ” 
Glycine-1-C'* | “ in vivo 130 | 
Embryo | 240 239 
homoge - | | | 
nate | 
Glycine-2-C'* Lymphosar- 89.7 696.3 88.6 1077 
| coma sus- 
pension | | 
(whole | | | 
cells) | 


’ The figures in parentheses denote the number of experiments. 


76 per cent), and the labile fraction was larger in the PM preparation than 
in the PS. A sample of PM protein labéled with serine-3-C™ also lost a 
considerable fraction of its radioactivity, but similarly treated PS protein 


lost very little radioactive material. Protein labeled with phenylalanine- © 


3-C™ or leucine-2-C"™ showed no loss. 


Although there was generally good agreement between duplicates from 
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the same enzyme preparation, there was marked variation between prepa- 
rations of the same type. Thus the resistance of the activity of glycine- 
labeled PM protein to mercaptoethanol treatment ranged from 32 to 58 
per cent, and that of PS protein, similarly labeled, varied from 55 to 78 
per cent. It has been found, moreover, that the labile fraction can be 
markedly changed by certain additions, as will be discussed later. 

It has been mentioned previously that the effect of activators on the 
incorporation of methionine-CH;-C" was anomalous (see foot-note 3). 
The mercaptoethanol treatments provided a clue to the reasons for such 
abnormality. A large portion (about 80 per cent) of the incorporated 
label was removed by this reagent, and, when only a trace of the radio- 
activity was recovered from the trichloroacetic acid filtrate by methods 
successful for other radioactive amino acids, it was suspected that the 
labeled methyl group had been split off as methyl mercaptan and attached 
to the protein by disulfide linkages.*® 

The radioactivity of glycine-labeled protein from experiments in vivo 
or from the incubation of rat liver slices or suspensions of whole lympho- 
sarcoma cells was completely resistant to mercaptoethanol or performic 
acid. Undoubtedly the oxidation-reduction potential of the intact cell 
is not so favorable for the formation of disulfide bonds as that of the com- 
pletely oxygenated cell-free system, but this is not known to be the ex- 
planation. The SH-labile incorporation was also lacking in the case of 
protein from embryo homogenates. This has been reported to be true for 
alkali lability as well (9). 

Effect of Glutathione and Cysteine—The SH-labile portion of the pro- 
tein-bound activity would be expected to diminish if non-radioactive glu- 
tathione or any other sulfhydryl or disulfide compound were added to the 
incubation mixture in sufficient quantity to dilute the “radiopeptide.” 
However, although glutathione markedly inhibited glycine-2-C™ uptake, 
the ratio of mercaptoethanol-removable activity to non-removable activity 
remained about the same. Cysteine’ also inhibited incorporation, but in 
this case the mercaptoethanol-resistant activity was more strongly affected 
(decreased) than the removable portion. In fact, at very low concentra- 
tions of cysteine (about 0.5 mM) the latter type of incorporation was 
stimulated, in accord with the belief that this fraction of the activity 
represented a newly formed cysteine-containing structure. 


* This was subsequently established by Dr. H. Tarver and Mr. Evangelo Canel- 
lakis of this department and led to the abandonment of methionine-CH,;-C™ as a 


tracer in these homogenate experiments. Recently, a similar enzymatic cleavage 


of S-alkyl derivatives of cysteine has been reported by Binkley (13). 
? Although added as cysteine because of its solubility, this amino acid was un- 
doubtedly converted rapidly to cystine under incubation conditions. 


| 
led 
h as 
stant 
) per- 
sic acid 
24 
| 

han 
st a 


372 AMINO ACID INCORPORATION 


Although glycine-2-C™ incorporation in the PS preparation could be 
stimulated by some of the compounds found to activate the PM prepara- 
tion, the increase was entirely SH-labile. When, however, potassium 
phosphoglycerate was also added, both types of incorporation were 
markedly (though unequally) increased, but potassium phosphoglycerate 


Tasie VI 
Ninhydrin Treatment of Radioactive Protein and Hydrolysates 
The proteolytic incubations were carried out at 37° for the periods indicated in 
the table. With the exception of erepsin, the enzymes were crystalline. They were 
used in the following concentrations: pepsin, 1 mg. per ml. (pH 1 to 2); trypsin, ! 
mg. per ml. (pH 9); chymotrypsin, 1 mg. per ml. (pH 9); carboxypeptidase, 1 mg. 
per ml. (pH 9); erepsin, 4 mg. per ml. (pH 9). Labeled amino acid, glycine-1-C". 


Hydrolytic treatment prior to ninhydrin ay 


Homogenate protein 


None 3.1 

Pepsin (74 hrs.); trypsin, chymotrypsin, and erepsin (50 72 
hrs.); finally 3 n HCI (8 hrs. at 100°) 

6 ~ HCI (18 hrs. at 120°) ey 

Carboxypeptidase (50 hrs.) 26 

PM protein 

None 14.4 

Pepsin (96 hrs.) 13.7 
(96 +); trypsin and chymotrypsin (72 hrs.) 12.4 
(96 );  “ chymotrypsin, and erepsin (72 70.4 
hrs.) 

None 9.6 

Pepsin (72 hrs.) 12.0 
“(72 “ +); trypsin and chymotrypsin (72 hrs.) 11.7 
chymotrypsin, and carboxypep- 50.3 
tidase (72 hrs.) 

Pepsin (72 hrs.); trypsin, chymotrypsin, carboxypepti- 60.6 


dase, and erepsin (72 hrs.) 


did not increase either incorporation when used alone. A similar stimu- 
lation was observed for serine-3-C" incorporation, whereas phenylalanine- 
3-C™ and leucine-2-C" uptakes were not affected. 

Ninhydrin Treatment—The possibility that adsorption of the labeled 
amino acid on the protein might account for the incorporation of radio- 
activity has been explored by incubating homogenate or PM preparations 
with glyeine-1-C™ and treating the resulting protein with ninhydrin. 
Samples of the protein (about 20 mg.) were heated with 7.5 mg. of non- 
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radioactive glycine, 50 mg. of ninhydrin, and 200 mg. of citrate buffer 
(pH 2.5) in 3 ml. of water in the U-tube apparatus of Van Slyke et al. (14) 
for 20 minutes at 100°. The released carbon dioxide was collected as 
BaCO, and its total radioactivity counted. Table VI shows that only 
3 per cent of the radioactivity incorporated into the homogenate protein 
was present, before hydrolysis, in a form capable of reacting with ninhydrin 
under these conditions. Hydrolysis with 6 x HCl (18 hours at 120°), 
however, made 91 per cent of the radioactivity available for reaction. 
Winnick has obtained similar results with fetal liver homogenates (9) and 
Borsook and coworkers (15) with guinea pig liver homogenates. The fact 
that a sample incubated with crystalline carboxypeptidase alone released 
26 per cent of its radioactivity as carbon dioxide upon treatment with 
ninhydrin is of interest in view of the possibility that a portion of the label 
was present in the glycine residue of glutathione. 

Protein obtained by incubating glycine-1-C™ with the PM preparation 
carried a somewhat larger fraction of ninhydrin-reactive radioactivity, as 
much as 14 per cent (Table VI). This was surprising, since it had been 
found that the use of relatively large amounts of non-radioactive glycine 
in the hot trichloroacetic acid step of the routine washing procedure was 
without effect. Any adsorbed radioactive glycine should have been re- 
vealed in that experiment, as well as by ninhydrin treatment. It is be- 
lieved, therefore, that the small amount of radioactivity released by ninhy- 
drin was not adsorbed on the protein as glycine; radioactive serine bound 
by its hydroxyl group to phosphoprotein is a possibility. 

Table VI also reveals that 70 per cent of the radioactivity was released 
as carbon dioxide by ninhydrin treatment of enzymatic hydrolysates of 
the PM protein. Pepsin, alone or followed by trypsin and chymotrypsin, 
was ineffective in this regard, but subsequent incubation with erepsin or 
carboxypeptidase made the label available for reaction with ninhydrin. 


DISCUSSION 


The present investigation throws some light on what may turn out to 
be the initial stage of protein synthesis which may be termed peptidiza- 
tion.® It does not contribute to the problem of delineation of the protein 
structure, termed patternization by Lipmann (16). The first stage, as 
would be required by energetic considerations, involves the raising of the 
energy level of the “activated” amino acid. The evidence is becoming 
strong that the “activation” takes place by a reaction, whose nature is 
still obscure, with ATP. 


* The authors prefer this term to Lipmann’s term, polymerization (16), which is 
more suitable for high molecular weight compounds composed of very few kinds 
of units. 
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The transpeptidation reaction, several examples of which have recently 
been described (17, 18), may be significant for the patternization stage. 
As has been pointed out by others (16, 19), it cannot circumvent the 
peptidization reaction. 

The enzyme system of the cytoplasmic macro particles that is concerned 
with the incorporation of amino acids is a highly unstable enzyme complex 
that deteriorates rapidly in vitro. From the evidence presented here it 
appears that, for activity, it requires an isotonic medium, oxidizable sub- 
strates, a mixture of certain L-amino acids, and the presence of ATP and 
magnesium ions. Up to now it has not been possible to obtain extensive 
incorporation under anaerobic conditions. This may be due either to a 
rapid destruction of ATP or to ensuing deterioration of adenylic acid. 

The radioactivity removed by mercaptoethanol should not be attributed 
solely to glutathione. Unpublished work of a preliminary nature discloses 
the presence of several radioactive components, possibly peptides, and 
the relatively high specific activity of this fraction is in accord with the 
speculation that it may represent an early stage in the synthesis of protein, 


SUMMARY 


1. Methods are reported for preparing amino acid-incorporating systems 
of cytoplasmic particles by differential centrifugation. The particle prepa- 
rations are quite labile and lose activity rapidly even at 0° upon storage. 

2. These preparations have been shown to be active only under aerobic 
conditions (when actively respiring) and in an isotonic medium. Inhibi- 
tors of respiration and phosphorylation reactions inhibit the amino acid 
incorporation, as do also certain metal ions and lipide-soluble compounds. 

3. It has been demonstrated that the adenylic acid system and Mg** 
are essential components. For maximal activity, certain oxidizable sub- 
strates, particularly citrate, and a mixture of certain L-amino acids are 
required. 

4. Incorporation has been obtained with the amino acids glycine, ala- 
nine, serine, leucine, and phenylalanine. 

5. A considerable proportion of the radioactivity of the labeled protein 


of the incubated particle systems, when the labeled amino acids were 


glycine and serine, has been found to be removable by reaction with mer- 
captoethanol or treatment with performic acid and is apparently bound 
to the protein through disulfide linkages. When phenylalanine or leucine 
was employed, the labeled protein was resistant to such treatment. 

6. When carboxyl-labeled glycine was employed, it was found that little 
radioactive carbon dioxide could be liberated by ninhydrin treatment from 
the intact protein, while upon enzymatic or acid hydrolysis the amount of 
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CO, liberated was increased. This is evidence that the labeled amino 
acids are bound through peptide bonds. 
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INCORPORATION OF ISOTOPIC THREONINE AND VALINE 
INTO THE PROTEIN OF RAT LIVER PARTICLES* 


By SAUL KITt axp DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 11, 1951) 


The incorporation of C-labeled glycine, serine, alanine, leucine, and 
phenylalanine into the proteins of rat liver particles has been reported by 
Peterson, Winnick, and Greenberg (1, 2). 

Threonine-1 ,2-C™ and valine-2-C™ have now been studied in order to 
ascertain whether the incorporation of these two amino acids was also 
stimulated by the same activators as for the above amino acids. This 
was found to be the case. Certain additional characteristics concerning 
the uptake of the threonine and valine are reported. 


Methods 


The experimental methods employed were previously described (1, 2). 
The counting of the radioactivity was performed with a gas flow counting 
tube. 

The labeled amino acids' were prepared in our laboratory and were 
demonstrated to be free from radioactive contaminants by radioautographs 
of paper chromatograms. The pt-threonine (3) was purified from pL-allo- 
threonine by column chromatography (Dowex 50) and shown to be free 
of it, within the limits of the method, by microbiological assay with Strep- 
tococcus faecalis. 


RESULTS AND DISCUSSION 


Effect of Amino Acid Concentration on Uptake—Fig. | shows the effect 
of the concentration of pi-valine and pi-threonine on the incorporation 
process. It may be observed that the uptake was increased rapidly until 

an amino acid concentration of 4 X 10-* Mm had been reached, and that 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
the Hobson Fund of the Cancer Research Institute, University of California School 
of Medicine, San Francisco. 

t Predoctoral Research Fellow of the National Cancer Institute, National In- 
«stitutes of Health, United States Publie Health Service (1950-51). 

Present address, Chemical Division, Department of Medicine, University of 
Chicago, Chicago, Hlinois. 

' The synthesis of pi-valine-2-C™ was performed by M. Gal and R. E.Spenger. 
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higher concentrations of the amino acids induced only limited additional 
uptake. 

Stimulation by Adenylic Acid System—Table I shows the effect of adeno- 
sinetriphosphate, MgCh, citrate, and the MAGAPA? mixture on threonine 
and valine uptake. As in the case of the amino acids studied by Peter- 
son, Winnick, and Greenberg (1), the incorporation of these two amino 
acids was stimulated 5- to 6-fold by the above metabolites. It may be 
observed that a-ketoglutarate may replace citrate, although it appears to 
be somewhat less effective. 

Resistance to Treatment with Mercaptoethanol—The radioactivity of pro- 
tein incubated with valine was reduced less than 20 per cent by a 24 hour 
treatment with a 1:5 solution of mercaptoethanol. However, this resist- 


& 


Micrograms Labeled 
Carbon per gm. Protein 


0102030 40 60 
Millimoles per Liter 


Fic. 1. Effect of concentration of labeled amino acid on incorporation of valine 
and threonine. 


ance to mercaptoethanol was not characteristic of the radioactive protein 
obtained after incubation with threonine. Variable amounts, ranging from 
one-third to two-thirds of the radioactivity, were removed. In this re- 
spect, the threonine-labeled protein resembled protein labeled with radio- 
active glycine (2). It is of interest that Braunshtein and Vilenkina (4) 
have reported that threonine may be converted to glycine by liver homo- 
genates. Lien and Greenberg* have shown that rat liver particles con- 


vert threonine-1 ,2-C" to glycine-C™, though not as rapidly as does the 


whole homogenate. It is shown here that some of the radioactivity of 
the protein incubated with threonine was attributable to glycine. 

It is to be noted that treatment with mercaptoethanol was included 
routinely prior to preparation of the protein for radioactivity assay. 

In order to minimize the possibility that the radioactivity of the protein 


? For composition of MAGAPA mixture see Table I, and for its preparation see 
Peterson and Greenberg (2). 
? Lien, O. G., Jr., and Greenberg, D. M., unpublished experiments. 
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was due to adsorption of radioactive material, the following additional 
procedure was carried out in two experiments. 
At the conclusion of the incubation, 5 ml. of water were added, followed 


I 
Activation of Amino Acid Uptake by Adenylic Acid System 
The results are in micrograms of C* per gm. of protein.* 
Incubated 2 hours at 37°, flasks flushed with 95 per cent O2-5 per cent COz. 


Before mercap- After mercap- 
| bi-Threonine- toethanol toethanol 


Activators pt-Valine-2-C™’ 4 mu 1,2-C™ 3.6 mu | 
None 
0.31 0.30 
3 mm adenosinetriphos- 0.41 0.27 
phate (ATP) 0.45 
3mm ATP + 10 mm | 0.46 0.58 
MgCl, 0.59 0.63 
3 mm ATP + 10 mm | 1.21 1.11 
MgCl, + 6 mm citrate] 1.13 1.46 
3mm ATP + 10 mm _ 0.71 1.02 1.10 
MgCl, + MAGAPAT | 0.77 1.20 1.17 
3 mu ATP + 10 mm | 1.56 (43)f) 1.88 (51)f 2.36 2.31 1.68 (46)t 
MgCl, + MAGAPA | 1.31 1.70 86 2.29 1.50 
+ 6 mM citrate 
10 mu MgCl, + 6 mm | 0.32 0.72 
citrate + MAGAPA | 0.32 0.67 
3mm ATP + 10 mm 1.34 2.09 
MgCl, + MAGAPA 1.54 2.02 
+ 6 mM a-ketoglu- | 
tarate | 


¢.p.m. per gm. protein 
mol. wt. of A* 


12 
t MAGAPA = 1.6 mm L-methionine, 2 mw L-aspartate, 3 mm L-glutamate, 1.2 
mM L-arginine, 1 mM L-proline, and 2 mM L-alanine at pH 7.4. 
t Counts per minute per mg. Counted with a gas flow counter, the efficiency of 
which was nearly 4 times that of the mica end-window counter used in the earlier 
experiments. 


by 10 ml. of ice-cold ethanol. 3 hours later, the ethanol-precipitated pro- 
tein was dissolved in 4 ml. of 15 per cent urea-0.5 m KOH and dialyzed 
for 24 hours in the cold against 3.5 liters of distilled water. This was 
followed by precipitation with trichloroacetic acid and the usual further 
treatment, including mercaptoethanol. This extended procedure did not 
alter significantly the specific activity of the threonine- or valine-labeled 
protein as compared with protein subjected to the usual procedure. 


* Incorporation = 


X ¢.p.m. per y A* 
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Partition of Radioactivity among Amino Acids in Protein—Protein labeled 
with threonine-1 ,2-C™“ and valine-2-C™ was hydrolyzed with 200 volumes 
of 6 m HCl by autoclaving for 22 hours at 15 pounds pressure. After 
concentration, the hydrolysate was chromatographed on 110 cm. X 12 
mm. columns containing Dowex 50, 250 to 500 mesh. 1.5 to 2 ml. fractions 
were collected in polyethylene cups with the automatic fraction collector 
described by Lien, Peterson, and Greenberg (5). The fractions were 
assayed for radioactivity using a gas flow Geiger-Miiller counter. The 
peaks of radioactivity were further identified by one-dimensional paper 
chromatography, with phenol-water (50 gm. to 19 ml.) and butanol-H,0- 
acetic acid (100:50:22.5) as the solvents. The low total radioactivity of 


TaB_e II 
Partition of Radioactivity among Amino Acids after Hydrolysis of Protein 


C.p.m. per cent c.p.m | per cent 
Total counts in unhydrolyzed 3400 100 3520 | 100 
protein | | 
Fraction containing threonine, 670 20 2364 | 67 
glutamic acid, aspartic acid, | | 
serine 
Glycine | 426 12 
Valine 2360 69 
Forepeak* 487 14 
Humin | | 120 3 


* Fractions 9 to 19 of Dowex 50 chromatogram. 
the protein was the limiting factor in the accuracy of the experiment. 
Moreover, the resolution of the region containing aspartate, serine, threo- 
nine, and glutamate was poor. Despite these limitations, the recovery of 
radioactivity was good. Table II shows that the greater part of the radio- 
activity of the valine-labeled protein was due to valine. Presumably, the 
20 per cent found with the other four amino acids was due to aspartate 
and glutamate. In the case of the threonine-labeled protein, 67 per cent 
of the radioactivity was in the region which contained threonine. The 
12 per cent in the glycine peak provides further confirmation that the 
metabolism of threonine involves a conversion to glycine. The radioac- 
tivity found in the forepeak after the hydrolysis of threonine-labeled pro- 
tein was chromatographed on paper, with phenol-water as the solvent. 
It had an Ry of 0.04 and gave a faint blue color after the paper was sprayed 
with ninhydrin. 
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The results demonstrate that the radioactivity was too firmly bound to 
be removed by extraction with trichloroacetic acid, fat solvents, dialysis 
after solution in urea-KOH, or after the oxidation of disulfide linkages. 
Moreover, Peterson and Greenberg (2) found that treatment with ninhy- 
drin removed only 14 per cent of the radioactivity of glycine-labeled pro- 
tein, although after enzymatic hydrolysis of the protein 70 per cent of the 
radioactivity became available for reaction. After acid hydrolysis of the 
protein labeled with threonine or valine, most of the radioactivity in the 
protein was recovered in the form of amino acids. Thus, any hypothesis 
concerning the nature of the uptake process must account for these ex- 
perimental facts. That the amino acids are bound in peptide linkage 
would appear to be the most reasonable assumption. 


SUMMARY 


The incorporation of threonine-1,2-C™ and valine-2-C™ into rat liver 
particles was stimulated 5-fold by adenosinetriphosphate, MgCh, citrate, 
and an amino acid mixture. The radioactivity was not removed after 
extraction with trichloroacetic acid, fat solvents, treatment with mercapto- 
ethanol, or dialysis for 24 hours after solution in urea-KOH. After acid 
hydrolysis, the greater part of the radioactivity was recovered in the amino 
acid incubated or in amino acids formed from the incubated amino acid. 
This is taken as evidence that the labeled amino acids were bound through 


peptide linkages. 
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ON THE METABOLISM OF GLYCYLGLYCINE* 


Br HENRY D. HOBERMAN anv DAVID STONET 
(From the Department of Physiological Chemistry, Yale University, New Haven, 
Connecticut) 
(Received for publication, August 23, 1951) 


The experiments to be described in this report deal with the metabolism 
of the dipeptide, glycylglycine. The purpose for which these studies were 
made was to compare the biochemical reactivities of each of the amino 
acid moieties of a symmetrical dipeptide. Therefore glycylglycine was 
synthesized by methods resulting in the labeling in one preparation of the 
free amino group of the dipeptide, and, in the other, in the introduction 
of N® into the amino group in peptide linkage. After administering the 
isotopic substances by intraperitoneal injection into fasting rats, the 
amount of N'* excreted in the urine in a designated time was measured. 
Studies were separately made of the utilization of the isotopic dipeptides 
in the synthesis of hippuric acid. Since the results of these experiments 
indicated that the peptide was rapidly hydrolyzed, the amides of the two 
isotopic dipeptides were prepared, for in the form of this derivative it 
might be anticipated that hydrolysis is slowed. Although this may indeed 
have been the case, the data resulting from the use of the dipeptide amides 
lead to conclusions similar to those indicated by the results of experiments 
performed with the free peptides; namely, that, under the conditions 
employed in the present studies, glycylglycine and glycylglycinamide are 
completely hydrolyzed before further metabolic reactions take place. 


EXPERIMENTAL 


Twelve male rats of the Sprague-Dawley strain, weighing 230 to 260 
gm., were separated into groups of four animals. One group received 
N-glycylglycine (G*G, 15.7 atom per cent excess N'), another, glycyl- 
N-glycine (GG*, 15.7 atom per cent excess N*), and the third group 
received an equimolar mixture of N™-glycine (31.2 atom per cent excess) 
and non-isotopic glycine (G* + G). Solutions of the dipeptides and the 
free amino acids were prepared by dissolving the appropriate quantities 
of the materials in distilled water containing 0.85 per cent sodium chloride. 


* This work was supported in part by grants from the American Cancer Society, 
recommended by the Committee on Growth of the National Research Council, and 
from the James Hudson Brown Memorial Fund of the Yale University School of 
Medicine. 

t Predoctorate Fellow of the American Cancer Society, 1948-51. 
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1 ml. of each solution contained 0.645 mg. of N'. After fasting for 24 
hours, the animals were injected intraperitoneally with 1 ml. of the appro- 
priate solution for each 100 gm. of body weight. The rats were placed 
separately in metabolism cages, and urine was collected for 10 hours after 
injection. In order to secure adequate volumes of urine, 0.85 per cent 
sodium chloride solution was administered by intraperitoneal injection at 


Taste I 
Excretion of N** by Rats Receiving Isotopic Glycine and Glycylglycine 


Weight _ excreted traction o Nu 
N'4.Glyeine + glycine 250 80.8 0.347 0.280 0.176 
20 84.5 0.302 0.331 0.211 
250 89.4 0.334 0.299 0.183 
260 83.1 0.374 0.311 0.183 
Mean... 0.188 
N'8.Glyeylglycine 2092.5 (0.357 0.330 0.211 
| 20 | 94.3 | 0.361 0.331 0.203 
230 78.3 0.348 0.273 0.182 
Glycyl-N**-glycine 240 6.7 0.386 | 0.206 0.189 
240 9.5 0.354 | 0.335 0.214 
230 83.1 0.385 0.320 0.213 
250 80.8 0.385 0.311 0.191 


* Measured in the urine excreted during the 10 hours following the injection. 
2 hour intervals during the collection period. At the end of the period 
of collection, cages and funnels were rinsed, and the urine and washings 
made to convenient volumes. After filtration, aliquots were removed for 
quantitative and isotopic analyses of the total nitrogen. The results of 
these analyses are shown in Table I. It will be noted that, in so far as 
the net retention of isotopic nitrogen is concerned, there are no significant 
differences among the three groups of animals. 

For studies of the utilization of peptidic glycine in the formation of 
hippuric acid, twenty-four male rats of the Sprague-Dawley strain, weighing 
170 to 200 gm., were separated into three groups. One group of animals 
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received G*G, another GG*, and the third group G* + G. The amount 
of N® contained in each solution was 0.855 mg. per ml. In addition to 
the peptide or glycine, each solution contained an amount of sodium 


Taste II 
N'* Concentration of Hippuric Acid Ercreted by Rats Receiving Isotopic Glycine and 
Glycylglycine 
| Weight concentration 
gm. atom per cent excess 
N'*-Glyeine + glycine 180 
180 5.25 
180 | 
170 | 4.78 
190 | 
180 | 4.91 
190 
190 4.56 
N'*-Glycylglycine | 200 
| 190 4.52 
180 
170 4.99 
190 
180 4.78 
190 
180 4.85 
Glycyl-N'*-glycine 190 
| 180 5.19 
| 200 
200 4.41 
| 180 
| 180 5.03 
190 
190 4.68 


benzoate equivalent to the content of glycine. After fasting for 24 hours, 
the animals were injected with 1 ml. of the appropriate solutions per 100 
gm. of body weight. The rats were placed in metabolism cages in pairs, 
and urine was collected for 8 hours after injection. Hippuric acid was 
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III 
Excretion of N** by Rats Receiving Isotopic Glycine, Glycinamide, and 
Glycylglycinamide 
Weight | Total N excretion concentration | excreted 
| | 48 hes | | | | 10 brs. | 48 brs. 
N'*-Glycine + glycinamide 
em. me. | | me. | 
2200 | 75.2 | 305 0.418 0.204 | 0.314 | 0.616 | 0.24 | 0.494 
230 «67.3 0.432 «0.188 | 0.291 «0.223 | 0.354 
220 | 64.4 | 250 0.418 0.185 | 0.269 0.462 | 0.216 | 0.370 
220 | 68.3 | 189 0.471 | 0.270 | 0.321 0.511 | 0.257 | 0.410 
N'*-Glycinamide + glycine 
230 | 63.7 | 221 0.428 | 0.177 | 0.273 | 0.391 | 0.282 | 0.404 
210 | 71.6 | 279 | 0.386 | 0.144 | 0.276 | 0.402 | 0.312 | 0.455 
220 «71.5 | 0.396 | 0.171 0.284 | 0.403 , 0.307 | 0.435 
210 | 55.3 | 208 | 0.518 | 0.192 | 0.286 | 0.399 | 0.323 | 0.451 
N'*-Glycylglycinamide 
210 | 59.9 | 205 | 0.715 | 0.207 | 0.428 | 0.610 | 0.317 | 0.452 
220 64.6 | 234 | 0.651 | 0.284 | 0.421 | 0.665 | 0.298 | 0.471 
240 | 73.5 | 197 | 0.708 | 0.343 | 0.520 | 0.676 | 0.337 | 0.439 
220 | 46.6 | 198 | 0.855 | 0.278 | 0.308 | 0.550 | 0.282 | 0.389 
Glycyl-N'*-glycinamide 
220 60.1 352 | 1.010 | 0.256 0.698 0.900 0.493 0.636 
220 «66.5 236 (0.965 (0.354 | (0.640 0.835 0.452 (0.590 
220 70.5 1.082 | 0.358 0.728 | 0.877 | 0.513 | 0.620 
230 68.7 0.795 | 0.286 (0.546 0.753 | 0.369 | 0.509 


isolated in the usual manner and was further identified by total nitrogen 
analysis and melting point. Each sample of hippuric acid represents the 
output of one pair of animals. The results obtained in this experiment 
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Taste IV 
Ercretion of Urea N** by Rats Receiving Isotopic Glycine, Glycinamide, and 
Glycylglycinamide 
Urea N excretion concentration N" excreted — 
Rat No. 
| ashe. | the. | ashes. | | | | 48 hrs. 
N'*-Glycine + glycinamide 
1 41.9 254 0.439 | 0.181 0.184 0. 0.148 0.369 
2 49.2 25 0.456 0.200 0.224 0.410 | 0.172 0.314 
3 45.5 | 195 | 0.441 | 0.193 0.201 0.376 | 0.161 | 0.301 
4 45.0 151 | 0.512 0.299 0.230 0.451 | 0.184 0.362 
N'*.Glycinamide + glycine 
1 | 48.6 | 173 | 0.244 | 0.12 0.118 0.210 0.122 0.217 
2 55.7 240 0.220 | 0.097 0.123 0.233 0.130 0.264 
48.7187 | 0.215 | 0.112 0.105 0.208 0.113 0.226 
4 58.3 | 163 | 0.379 0.131 0.202 0.213 0.228 0.241 
N'*-Glycylglycinamide 
1 | | M7 0.353 | «(0.175 (0.163 «0.121 0.191 
2 | 53.9 | 178 | 0.504 | 0.220 0.272 0.407 | 0.193 0.288 
46.0 | 153 | 0.337 | 0.126 0.155 0.192 | 0.101 0.125 
4 37.6 159 0.286 0.189 0.108 0.300 | 0.077 0.212 
Glycyl-N'*-glycinamide 
1 55.4 | 278 | 0.201 | 0.081 | 0.114 | 0.225 0.081 0.159 
2 54.1 | 174 | 0.252 0.118 | 0.136 | 0.205 0.096 0.145 
7.9 0.198 | 0.099 0.115 0.200 0.081 0.142 
4 46.2205 0.181 (0.088 | 0.084 0.180 0.057, 0.122 
Mean......... 0.079 0.142 


— 


are recorded in Table I]. It is evident that there are no significant dif- 
ferences in the isotope concentrations of the excreted hippuric acid among 


the three groups of animals. 
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For the purpose of studying the metabolism of glycylglycinamide, six- 
teen male rats of the Sprague-Dawley strain, weighing 210 to 240 gm., 
were separated into four groups. One group received N™-glycylglycin- 
amide acetate (G*GA, 11.0 atom per cent excess), another glycyl-N»- 
glycinamide acetate (GG*A, 10.5 atom per cent excess), a third group, an 
equimolar mixture of N“-glycinamide hydrochloride (15.9 atom per cent 
excess) and non-isotopic glycine (G*A + G), and the last group received 
an equimolar mixture of N-glycine (31.2 atom per cent excess) and 
non-isotopic glycinamide acetate (G* + GA). After fasting for 24 hours, 
the animals received 1 ml. of the appropriate solutions in 0.85 per cent 
sodium chloride per 100 gm. of body weight. The amounts of N® con- 
tained in 1 ml. of solution were as follows: G*GA 0.643 mg., GG*A 0.642 
mg., G*A + G 0.421 mg., and G* + GA 0.567 mg. The animals were 
placed individually in metabolism cages, and urine was collected for 10 
and 48 hours after injection. In addition to analyses of the total urinary 
nitrogen, the amount and isotope concentration of the urinary urea were 
also measured (precipitation as xanthydrylurea). The results of total 
nitrogen analyses are shown in Table III, while in Table IV are recorded 
the data obtained from analyses of the urinary urea. It will be noted 
that the net retention of N™ is greatest among those animals which re- 
ceived G* + GA, and poorest among those which were injected with GG*A. 
On the other hand it will be seen that the amount of N® appearing in 
urea is least among those animals which received GG*A, and greatest 
among those to which G* + GA was administered. 


DISCUSSION 


The fraction of a given dose of isotopic nitrogen, administered as an 
amino acid, which is excreted in the urine is related to the rates of utiliza- 
tion of the nitrogen for the formation of urea and in the synthesis of pro- 
tein. In the rat these reactions take place at rates which are exceedingly 
rapid, so that in 10 hours the major proportion of the administered material 
has undergone metabolie reactions. Had the hydrolysis of glycylglycine 
been the rate-determining step among all those involved in the ultimate 
disposition of the nitrogen of the dipeptide, differences in the amount of 
isotope excreted by animals receiving the labeled peptides would have been 
apparent. The fact that no such differences could be demonstrated 
strongly suggests that, for the conditions employed, the rate of hydrolysis 
of these substances is faster than the rates of utilization of the nitrogen 
in the formation of urea and in the synthesis of proteins. This conclusion 
receives further support from the fact that the rate of excretion of N® is 
not related to the position of the isotope in the dipeptide molecule. It 
would seem reasonable to assume that, if the intact dipeptide is susceptible 
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to catabolic attack other than hydrolysis, the rate of formation of urea 
from the nitrogen of the free amino group would differ from the rate of 
formation of urea from the nitrogen of the amino group in peptide linkage. 
Such a difference would be reflected by the excretion of more or less N", 
depending upon the position of the isotope in the dipeptide given. The 
utilization of each of the glycine moieties of glycylglycine in the synthesis 
of proteins would also seem to be the same, for, if either of the glycine 
residues had been used preferentially in anabolic reactions, an effect of 
position of the isotope in the dipeptide molecule would also have been 
reflected by a difference in the rate of excretion of N*’. This view receives 
further support from the data in Table II, which shows that the isotope 
concentration of hippuric acid is not a function of the position of N*™ in 
the dipeptide given. 

The isotope concentration of the hippuric acid excreted by animals re- 
ceiving a labeled precursor is determined by the relationship between the 
rate of utilization of the precursor in the formation of hippuric acid and 
the rates of utilization of the precursor in side reactions, and also by the 
amount of non-isotopic precursor present in the tissue in which the syn- 
thesis takes place. Barring an unlikely number of coincidences, the simi- 
larity of the isotope concentrations of the hippuric acid excreted by the 
three groups of animals suggests not only that the rates of utilization of 
peptidic glycine and glycine are the same in the formation of hippurie acid 
and in other metabolic reactions, but also that dilution by non-isotopic 
precursors is the same for the dipeptide and for glycine. One must there- 
fore assume either that the concentration of glycylglycine in the tissues is 
equal to the concentration of glycine present, or that glycylglycine is 
completely hydrolyzed before utilization of the glycine residues in metabolic 
reactions. It would seem most in accord with the results of the present 
studies to favor the latter view. In this connection it is of interest that 
Smith has described a highly active glycylglycine dipeptidase present in 
rat muscle (1). 

The excretion of relatively large proportions of the N® of G*A, G*GA, 
and GG*A in the non-urea nitrogen fraction of the urine suggests that, 
after the injection of each of these materials, a portion of the administered 
substance is excreted before hydrolysis is complete. The fact that the 
largest amount of non-urea N© was excreted by those animals receiving 
GG*A indicates that glyeylglycinamide is first split to glycine and glycin- 
amide, for it is evident that the contribution of N© to the urine due to 
the excretion of unhydrolyzed GG*A must be the same as that due to the 
excretion of unhydrolyzed G*GA; the extra N® excreted after the injection 
of GG*A is thus readily ascribed to the excretion of a portion of the G*A 
formed on hydrolysis. 
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The excretion of isotopic urea in amounts which are approximately 
inversely related to the non-urea N" content of the urine is consistent with 
the view that the metabolism of the glycine residues of glycylglycinamide 
does not take place until hydrolysis has occurred. It may be shown by 
a method of calculation previously described (2), in which account is taken 
of the excretion of non-urea N™, that the amounts of urea N® excreted 
following the injection of G*A, G*GA, and GG*A are those which might 
be anticipated to be formed from the labeled glycine liberated on hydroly- 
sis of these substances. 


Synthesis of Isotopic Compounds 


N®-Glycine—This compound was prepared as described by Schoen- 
heimer and Ratner (3). 

N®-Glycinamide syn- 
thesized according to the directions of Bergmann and Zervas (4) and con- 
taining 32.2 atom per cent excess N™, was treated with an excess of 
ammonia in anhydrous ether. From 4 gm. of carbobenzoxy-N-glycyl- 
chloride were obtained 2.1 gm. of the desired product; m.p. 145°. Cata- 
lytic hydrogenation of this material yielded 0.68 gm. of N-glycinamide 
hydrochloride; m.p. 190—-193°. N, found, 25.2 per cent; calculated, 25.5 
per cent. N', found, 15.9 atom per cent excess; calculated, 16.1 atom 
per cent excess. 

N*-Glycylglycine—This was prepared from carbobenzoxy-N-glycine 
(31.2 atom per cent excess) and non-isotopic glycine ethyl ester by the 
method of Bergmann and Zervas (4). N, found, 20.2 per cent; calculated, 
20.4 per cent. N*, found, 15.7 atom per cent excess; calculated, 15.6 
atom per cent excess. 

Glycyl-N-glycine—This was prepared from non-isotopic carbobenzoxy- 
glycine and isotopic glycine ethyl ester (31.2 atom per cent excess) by 
methods already mentioned (4). N, found, 20.3 per cent; calculated, 
20.4 per cent. N*, found, 15.7 atom per cent excess; calculated, 15.6 
atom per cent excess. 

N™-Glycylglycinamide Acetate—This compound was prepared from iso- 
topic carbobenzoxyglycylchloride (32.2 atom per cent excess N") and 
non-isotopic glycinamide under conditions essentially the same as those 
employed for the synthesis of glycylglycine. N, found, 22.1 per cent; 
calculated, 22.1 per cent. N*, found, 11.0 atom per cent excess; calculated, 
10.73 atom per cent excess. 

Glycyl-N-glycinamide Acetate—This was prepared from non-isotopic 
carbobenzoxyglycylchloride and isotopic glycine ethyl ester (32.2 atom per 
cent excess) in the manner described by Fruton and Bergmann (5). N, 
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found, 22.2 per cent; calculated, 22.1 per cent; N*“, found, 10.52 atom per 
cent excess; calculated, 10.73 atom per cent excess. 


SUMMARY 


The rate of excretion of N“* was measured after intraperitoneal injection 
of the following isotopic substances into fasting rats: N“-glycine, N- 
glycinamide, N™-glycylglycine, glycyl-N-glycine, N-glycylglycinamide, 
and glycyl-N™-glycinamide. Studies were also made of the utilization of 
N®-glycylglycine and glycyl-N-glycine in the formation of hippurie acid. 
The results obtained from these experiments indicate that, under the con- 
ditions employed, the glycine moieties of the peptides are utilized in meta- 
bolic reactions only after hydrolysis has taken place. 
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A GLYCOGENOLYTIC FACTOR 
I. EFFECT OF LIVER EXTRACT ON GLYCOGEN STORES OF RATS 


By JOSEPH E. SOKAL* 


(From the Department of Physiological Chemistry, Yale University School of Medicine, 
New Haven, Connecticut) 


(Received for publication, July 21, 1951) 


In 1945 report was made of the presence of a glycogenolytic factor in 

certain liver extracts (1). Subsequent experiments have led to a more 
exact definition of the action of such extracts and have indicated that this 
glycogenolytic factor acts to reduce hepatic glycogen stores only. Its ac- 
tion has been demonstrated to be independent of the adrenal medulla, 
and perhaps independent of the pancreas. As it is not expected that iso- 
lation of the active principle will be accomplished in the near future, a 
summary of the recent work with crude liver extracts is presented at this 
time. 
The source materials used for the experiments described in this paper 
were commercial concentrates of aqueous extracts of normal hog liver 
from which lipides and proteins had been removed. Two types of extracts 
were used. One was a concentrate which presumably contained all of the 
water-soluble “‘extractives.”” The other was similar material from which 
the antianemic fraction had been removed. Both were equally active. 
Injectable solutions were prepared from these sources by dilution, adjust- 
ment to neutrality, and filtration. All solutions used contained simple 
carbohydrates, some contained traces of protein, and none contained lipides. 
There was no loss of activity after extraction of representative batches 
with alcohol, ether, and acetone, or after removal of residual protein by 
agitation with chloroform. The active principle was found to pass through 
standard Visking dialysis membranes. 

In initial experiments, relatively large amounts of material were in- 
jected, sometimes intraperitoneally. This proved highly irritating, and 
evidence of adrenal stimulation was noted in normal animals. Intraperi- 
toneal injections were discontinued, the amount of liver represented by a 
single injection was reduced, and solutions were increasingly diluted, un- 
til there was no evidence of irritation. It was found that the smaller doses 


* The work reported in this paper was performed while the author was a Fellow 
of the Jane Coffin Childs Memorial Fund for Medical Research. This investigation 
was aided by grants from the Jane Coffin Childs Memorial Fund for Medical Re- 
search and from the James Hudson Brown Memorial Fund of the Yale University 
School of Medicine. 
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produced essentially as great a drop in liver glycogen as did the larger 
doses used in early experiments. Only the data obtained in the later ex- 
periments, at the lower dosage levels, are included in this paper (except in 
experiments in which adreno-demedullated rats were used). 

The effects of liver extract on glycogen stores were compared with those 
of epinephrine. Studies were performed in normal and adreno-demedul- 
lated rats. A few experiments, not reported here, were performed with 
pancreatectomized rats. These will be referred to in the discussion. 


Methods 


Animals—Adult male Sprague-Dawley rats were used in this study. 
They were housed in an air-conditioned room maintained at a temperature 
of 25°, and fed “fox chow” plus a dietary supplement used routinely in 
this laboratory. Food was withdrawn prior to and during experiments, 
but animals were permitted access to water at all times. Glucose was fed 
as an aqueous solution containing 0.5 gm. per ml., administered by stom- 
ach tube. 

Glucose and Glycogen Determinations—Blood glucose was determined by 


the Nelson method (2) by using tail blood. Tissues for glycogen determi- — 


nation were obtained under nembutal anesthesia. The left gastrocnemius 
was used for muscle glycogen, and approximately 1 gm. of tissue ob- 
tained from the left lobe of the liver for liver glycogen. ‘Tissues were di- 
gested with hot 30 per cent potassium hydroxide; glycogen was precipitated 
with ethyl alcohol and hydrolyzed to glucose with 2.5 per cent hydro- 
chloric acid. (Liver glycogen was reprecipitated once before hydrolyzing.) 
Glycogen values are expressed in terms of the glucose so obtained. 


EXPERIMENTAL 


Rats were injected with active crude liver extracts under standardized 
conditions. Blood glucose levels were determined at intervals in represen- 
tative experiments, and muscle and liver glycogen analyses were made at 
the conclusion of experiments. Results were compared with those in con- 
trol animals receiving injections of physiological saline or epinephrine. 
All injections were subcutaneous. Animals used ranged in weight from 
240 to 520 gm. and experiments were conducted over varying periods of 
time and during different seasons of the year. There was some variation 
therefore among the animals of the different experimental groups. In 
each experiment, however, controls were used, and animals were matched 
for weight and age. Variations among animals receiving liver extract 
were thus balanced by similar variations among control animals. 


Doses of liver extract are expressed in terms of gm. of fresh whole liver | 


represented by the solutions injected, per 100 gm. of body weight of rats 
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used. 1 gm. of liver was represented by approximately 25 mg. of solute 
in the solutions injected. The median dose used contained about 85 mg. 
of hepatic extractives per 100 gm. of rat. The epinephrine dose was ap- 
proximately 0.03 mg. per 100 gm. of body weight. This dose is somewhat 
higher than that generally used in such experiments, and was so chosen to 
insure that maximum epinephrine effect would always be obtained. In- 
jections of epinephrine and of physiological saline were given in the same 
volume, and under identical conditions of administration, as those of liver 
extract. 

Most experiments were performed upon animals in the postabsorptive 
state. Rats were fasted 30 hours, fed 0.75 gm. of glucose per 100 gm. of 
body weight, and used 12 hours later, having received no intervening 
feedings. This technique (3) was chosen instead of the more common 
practice of using such animals 4 to 6 hours after glucose feeding, because 
preliminary experiments demonstrated that it resulted in much greater 
uniformity among the controls. Rats were given three subcutaneous in- 
jections at intervals of 1 to 1} hours and were sacrificed 3 to 4 hours after 
the initial injection. 

Section I of Table I summarizes the results obtained in normal rats in 
the postabsorptive state. It is seen that liver extract produced a marked 
decline in liver glycogen values, without affecting muscle glycogen signifi- 
cantly. A moderate rise in blood glucose concentration, to 120 to 140 mg. 
per cent, was noted near the mid-point of the experimental period in 
representative animals. The effects of liver extract are in striking con- 
trast to those of epinephrine, which produced marked depression of muscle 
glycogen, slight elevation of liver glycogen, and distinct hyperglycemia 
(189 to 252 mg. per cent). (As the effects of epinephrine were in agree- 
ment with those reported by many other investigators, it was not deemed 
necessary to include a larger number of animals in this group.) 

The effect of liver extract was also studied in normal rats during ab- 
sorption of a glucose feeding. Animals were fasted 24 to 36 hours, fed 
0.75 gm. of glucose per 100 gm. of body weight, and given three injections 
at 2 to 3 hour intervals, starting shortly after the glucose feeding. Periods 
of observation were 74 to 9 hours. The results in this group of animals 
are summarized in Section II of Table I, and parallel those in Section I. 
Liver extract reduced the deposition of liver glycogen to one-fifth the 
amount deposited in control animals. The slight increase in muscle gly- 
cogen may be significant. Blood glucose concentrations, determined in 
some animals during the latter half of the experiments, ranged from 83 
to 166 mg. per cent. Epinephrine, on the other hand, did not inhibit the 
deposition of liver glycogen, but produced declines in muscle glycogen. 
Blood glucose levels were determined in all four animals receiving epi- 
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nephrine. They increased progressively during the experimental period, 
reaching 313 to 391 mg. per cent during the final 2 hours. 

Although the experiments described above demonstrated a clear cut 
difference between the action of liver extract and epinephrine, it was felt 


Taste I 
Effects of Three Subcutaneous Injections of Liver Extract or Epinephrine on Liver 
and Muscle Glycogen Of Rats" 
Per cent liver glycogen | Per cent muscle glycogen 


No. of 
animals 


3 Range Meanandse.| Range | Mean and se. 


rats, an, state 


Agent and dose range® 


sa- 1.80-3.36 2.58 + 0. 0.52.92 0. 71 + 
line 
Liver extract, 2.04.3 per 10 0.07-1.45 0.58 + ag 0.42-0.90 
100 gm. | 
Epinephrine, 0.03 mg. per, 3  3.05-4.08 + 0.13-0.22 0.17 + 0.08 
100 gm. | 


II. Normal rats after glucose feeding 


Controls, eeeiiiiiils 5 | 2.46-3.49 [2.83 + 0.18 0.63-0.89 0.72 + 0.05 
line 
Liver extract, 2.5-5.0 per) 6 | 0.24-0.98 0.57 + 0.13 0.67-0.92 0.85 + 0.04 


100 gm. 
Epinephrine, 0.03 mg. per 4 | 2.70-3.37 3.07 + 25 0.32-0.34 0.33 + 0.01 


100 gm. 


0.64 + 0.05 


III. Adreno-demedullated rats, postabsorptive state 


— 


Controls, physiological sa- 9 | 1.57-2.77 
line 

Liver extract, 1.7-8.0 per 12 | 0.01-0.82 0.30 + 0.09 0.53-0.86 0.44 + 0.03 
100 gm. | 


* Range of individual doses. The figures for liver extracts indicate gm. of fresh 
whole liver represented by the solution injected. For details of the experiments, 
see the text. 


2.30 + 0.42-0.78 |0.65 + 0.04 


desirable to have an experimental series where no possibility of endoge- 
nous epinephrine release existed. Accordingly, a series of experiments 
was performed with adreno-demedullated rats in the postabsorptive state 
under the same conditions as described above for normal animals. Re- 
sults in these animals are summarized in Section III of Table I. Five of 
the twelve animals in this group received excessively large amounts of 
liver extract. They showed no evidence of toxicity, however, and are in- 
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cluded in the data. Four of the twelve received the lowest doses of liver 
extract used in this investigation, representing 1.7 gm. of whole liver per 
100 gm. of body weight. There appeared to be no difference in the results 
obtained over this 5-fold dosage range. It is seen that injection of liver 
extract resulted in a decline in liver glycogen to an average of 13 per cent 
of the control figure, with no change in muscle glycogen. Increases in 
blood glucose concentration noted in adreno-demedullated rats were 
smaller than those recorded in normal animals under similar conditions. 


DISCUSSION 


The experiments reported here indicate the presence, among the water- 
soluble extractives of hog liver, of a substance which produces rather 
striking declines in liver glycogen of rats. In the adreno-demedullated 
rats, even the largest doses used produced no decline in muscle glycogen. 
Such large doses (administered of necessity in strongly hypertonic solu- 
tions) had previously been noted to produce considerable hyperglycemia 
and moderate declines in muscle glycogen in normal animals (1). In the 
light of results in the adreno-demedullated animals, it is evident that these 
latter effects were secondary to adrenal stimulation and endogenous epi- 
nephrine release, and that the primary effect of this glycogenolytic factor 
is only upon liver glycogen. 

The relationship of the glycogenolytic factor of liver to that in insulin 
(4, 5) is unknown; they are not identical. The insulin factor is a non- 
dialyzable protein, and is not found in appreciable concentrations in liver. 
The agent in liver extract, on the other hand, is dialyzable and is not a 
protein. In preliminary experiments, injections of active liver extracts 
into pancreatectomized rats have resulted in declines in liver glycogen of 
the same order of magnitude as were noted in normal animals.’ If this 
observation is confirmed by future experiments, it will indicate that the 
action of the hepatic glycogenolytic factor is not mediated through the 
pancreas. No simple method is available to investigate the converse 
possibility that the action of the pancreatic factor be mediated through 
the hepatic factor. 

The precise mechanism of action of the glycogenolytic factor in liver 
extract is unknown. It is possible that it influences directly an enzyme 
system found in liver but not in muscle, such as the phosphatase system. 
An attempt to determine the action of crude extract on liver slices in 
vitro led to inconclusive results,? and it appears that further purification 
of the active factor will have to be accomplished before valid in vitro stud- 
ies are possible. 

' Sokal, J. E., and Vaughan, M., unpublished data. 

* Sokal, J. E., unpublished data. 
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The contrast between the action of liver extract and of epinephrine is 
a striking one, and could easily induce speculation regarding complemen- 
tary action of the two agents in mobilizing carbohydrate reserves of the 
normal animal. It would be premature, however, to postulate any réle 
in normal carbohydrate metabolism for the glycogenolytic factor in these 
crude liver extracts. 


SUMMARY 


There is present in normal (hog) liver a substance which, when adminis- 
tered parenterally to rats, produces a striking decline in liver glycogen 
without depressing muscle glycogen. This action is obtained in adreno- 
demedullated as well as in normal animals, and is thus independent of 
epinephrine as well as in sharp contrast to the effects of epinephrine on 
carbohydrate stores. Preliminary fractionation indicates that this glyco- 
genolytic factor is dialyzable, is not a protein or a lipide, and is separable 
from the antianemic factor. 
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TWO MUTANTS OF NEUROSPORA CRASSA WHICH UTILIZE 
FORMATE OR FORMALDEHYDE FOR GROWTH 


By C. E. HARROLD* ann MARGUERITE FLING 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, August 8, 1951) 


This paper reports some observations made on two mutant strains of 
Neurospora crassa which grow on minimal medium supplemented with 
formate or formaldehyde; it is believed that they constitute a new class of 
biochemical mutants among microorganisms. One strain, C-24, was iso- 
lated by Mrs. Mary B. Mitchell (1) who, with Dr. J. Ceithaml, carried 
out preliminary investigations and showed that this strain grows poorly 
on adenine and better on a mixture of adenine plus methionine. The 
other strain, T-3207, was originally found to respond to serine. Neither 
strain grows on any of twenty-five other amino acids tested. Subsequently 
both strains were found to use formate or formaldehyde. The effect on 
these strains of compounds associated with the metabolism of l-carbon frag- 
ments was then investigated and is discussed in relation to the results 
from experiments with other mutants and with animals. 

Genetic studies have shown that each of the strains differs from wild 
type by a single gene and that the genes are non-allelic. Cultures from 
ascospore reisolates of mutant T-3207 differ quantitatively from the parent 
in their response to formate and serine. The response to formate, and 
in a lesser degree to serine, of the strain T-3207 reisolates is greatly reduced 
in comparison with that of the parent T-3207. The explanation of this 
behavior is not yet known. Data in this paper concerned with strain 
T-3207 therefore refer only to vegetative subcultures of the original strain. 
Ascospore reisolates of strain C-24 resemble the parent in their responses 
to formate and compounds supporting the growth of this strain. 


Methods 


Both strains, C-24 and T-3207, were isolated as ascospores from crosses 
between ultraviolet-irradiated macroconidia and untreated wild type pro- 
toperithecia by the method of Lein, Mitchell, and Houlahan (1). Unless 
otherwise stated, the standard procedures (2) developed for growth experi- 
ments with Neurospora have been employ ed. Growth was measured as 
dry weight after 4 days growth at 25° in 20 ml. of medium in 125 ml. 
Erlenmeyer flasks. Strain C-24 was cultured on the Horowitz complete 


* University of London Travelling Student, 1948-50. 
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medium (3). Strain T-3207, which is inhibited by casein hydrolysate, 
was cultured on a modified Horowitz medium in which malt extract was 
omitted and casein hydrolysate was replaced by pi-serine (5 mg. per 
100 ml.). 


Results 


The growth curves of strains C-24 and T-3207 on formate and other 
compounds are given in Fig. 1. As with strain C-24, adenine also supports 
limited growth of strain T-3207 and the pattern of response is similar in 
both. Over a range of 0.0005 to 0.01 mM of adenine sulfate per 20 ml., 


20 C-24 T-3207 
0 -02 +04 06 -08 @ 02 -06 -08 
mM 720 ml. 


Fic. 1. Growth of mutants C-24 and T-3207 on various compounds. O, sodium 
formate; X, sodium formate in the presence of 0.005 ma of adenine sulfate per 20 
ml. of medium; V, pt-methionine in the presence of 0.005 ma of adenine sulfate per 
20 ml. of medium; @, L-serine (fed as pL-serine). 


the magnitude of the response was independent of the concentration. The 
response to adenine varied in different experiments between 0.5 and 8 
mg. of dry weight for strain C-24 and 3 to 16 mg. for strain T-3207. The 
reasons for such variations are not known. The growth response of strain 
T-3207 to pL- and L-serine is given in Table I. The L isomer has twice 
the activity of the racemic mixture, and it is therefore concluded that the 
D isomer is without effect on strain T-3207. 

The onset of visible growth by both mutants on formate (or formalde- 
hyde) lags behind that on serine (strain T-3207) or adenine plus methionine 
(strain C-24) by about 1 day. The reason for this lag is not known, but 
it may indicate that neither formate nor formaldehyde as such is utilized 
by the two strains but that these compounds are converted to an unknown 
intermediate which is the primary requirement. 
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Taste I 
Growth of Strain T-3207 on and vi-Serine 
Dry weight after 4 days at 25°. 
Supplement | pt-Serine L-Serine* 
mg. per 20 mi mg. Pa | meg. 
0 +t | +t 
0.5 14.0 | 17.0 
1.0 17.5 25.0 
2.5 25.0 33.5 
5.0 31.5 | 37.0 
10.0 35.0 48.0 
20.0 48.5 51.0 


* The L-serine was prepared by a method suggested by Dr. Carl Niemann, in- 
volving the asymmetric condensation of benzoyl-pi-serine with phenylhydrazine 
by papain and the subsequent isolation of L-serine from the benzoyl-L-serine phenyl- 
hydrazide produced. 


t Slight growth. 
Sr 
pH 4.6 pH 
= 
sol 
SL a pH 6.! 
10 
0 005 0 -005 -02 
mM /20 mi. 


Fig. 2. Growth of mutant T-3207 on equimolar quantities of sodium formate and 
formaldehyde in media of different pH. The curves at pH 4.6 are from a separate 
experiment. O, sodium formate; X, formaldehyde. The pH of the basal medium 
was altered by the addition of standard hydrochloric acid or sodium hydroxide. 
The pH values were measured after autoclaving the media and before addition of the 
supplement. The sodium formate solution was sterilized by filtration and the for- 


maldehyde solution prepared by diluting formalin with sterile water. Similar curves 


are obtained for mutant C-24. 


Siegel and Lafaye (4) reported that labeled carbon from formaldehyde 
is incorporated into the 8-carbon of serine at a faster rate than is that from 
formate. The first experiments in which these two compounds were tested 
for activity on strains C-24 and T-3207, with use of the Fries minimal 
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medium with unadjusted pH (about 5.5), indicated that formaldehyde 
was more active than formate on a molar basis, although it became inhibi- 
tory in high concentrations. However, further experiments (Fig. 2) indi- 
cate that the pH of the medium greatly influences the responses of the 
mutants to low concentrations of formate. In media of pH 4.6 or 5.0 
formate and formaldehyde are equally active on a molar basis. An ex- 


Taste II 
Growth of Strain T-3207 on Various Compounds 
Dry weight after 4 days at 25°. 


ment No. Supplement per 20 ml. 

me. 

1 None 1.0 
0.005 mm sodium formate 10.0 
0.005 + 0.005 glycine 15.0 
0.005 * +0.119 “ 21.0 
0.005 ae + 0.47 49.0 
0.476 “ glycine 2.0 
0.238 L-serine* 41.0 
0.238 + 0.476 m™ glycine 61.0 

2 0.00125 ma adenine sulfate 7.0 
0.00119 “ L-serine* 13.0 
0.00119 + 0.0008 choline 23.5 
0.00119 “ + 0.00125 adenine sulfate «18.0 
0.0025 mm sodium formate | 7.0 
0.0025 + 0.0008 ma choline 
0.0025 + 0.00125 adenine sulfate 20.0 

3 0.005 mm adenine sulfate —«d‘“L.O 
0.005 + 0.0017 ma choline 30.0 
0.00 4+ 0.0133 “ glycine 54.0 
0.005 + 0.0066 “ pL-methionine 11.5 


— 


* Fed as pL-serine. 


planation of the effect of pH on the response to formate is considered 
later. 

With hot water or hot methanol extracts of mycelium, no evidence was 
obtained for the accumulation of active compounds by strains C-24 and 
T-3207 grown in 500 ml. of medium containing 125 mg. of sodium formate. 
Cross-feeding tests with media in which the mutants had grown likewise 
proved negative. A comparable series of cross-feeding tests between 
strains T-3207 and H-605, a serine- or glycine-utilizing Neurospora mutant 
(5), each grown in 500 ml. of medium containing 50 mg. of DL-serine, was 
also negative. 

Certain compounds which are involved in the metabolism of 1-carbon 


fra 
m 
effe 
Ill 
‘4 
gly 
sub 
T | 
Exp 
ment 
l 
2 

t 
chol 
metl 
grov 
T 
acet 
este 
oxali 
It 
to a 
whe 


HARROLD AND M. FLING 403 


fragments in animals have considerable stimulatory activity for the two 
mutants, although they cannot support growth alone. Examples of such 
effects are given for strain T-3207 in Table II and for strain C-24 in Table 
III. These stimulatory effects are best observed when the strains are 
growing on limiting concentrations of the required substances. Strain 
C-24 growing on adenine or adenine plus methionine is not stimulated by 
glycine or serine, and serine is also without effect on strain C-24 growing 
suboptimally on formate or adenine. Histidine has no effect on strain 
T-3207 and the effect of methionine is variable. 


Taste III 
Growth of Strain C-24 on Various Compounds 
Dry weight after 4 days growth at 25°. 


Expert | Supplement per 20 ml. | onthe 
| 
| mg. 
None | 
0.005 mat adenine sulfate | 6.5 
0.005 0.0008 ma choline 11.0 
0.005 “ sodium formate 20.5 
0.005“ 0.0008 mat choline 25.0 
2 0.005 “ 23.0 
| 0.00 “ “ 0.005 ma glycine 33.0 
| 0.005 0.02 ma t-histidine- HCl 29.5 
+ 0.005 mo L-serinet 22.5 
0.0025 ms adenine sulfate 8.5 
+ 0.0025 mm vi-methionine 31.0 
0.02 mu t-histidine- HC! 19.5 
0.005 mM L-serinet 9.0 
* Slight growth. 


t Fed as pL-serine. 


Vitamin By and folic acid have no effect on either strain and, although 
choline stimulates the growth of both mutants considerably, betaine, di- 
methylthetin, and sarcosine are inactive. Methanol will not support 
growth of either strain. 

The following compounds do not support the growth of strain T-3207: 
acetate, acetylaminoacrylic acid, aminomalonic acid (tested as the diethyl 
ester hydrochloride), cystathionine, glycolic acid, glyoxylic acid, lactic acid, 
oxalic acid, or pyruvic acid, 


DISCUSSION 


It has been demonstrated that the response of strains C-24 and T-3207 
to a given concentration of formate depends on the pH of the medium, 
whereas this has but little effect on the response to formaldehyde. The 
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changes in response to formate are reasonably explained if formate is taken 


up by the mold as the undissociated formic acid molecule. Evidence of - 


a similar effect of pH on the uptake of compounds has been reported for 
other Neurospora mutants utilizing p-aminobenzoic acid (6), nicotinic 
acid (7), and ammonia (8). Under conditions for response to formate, 
formate and formaldehyde were found to have equal activities for strains 
C-24 and T-3207. Finally, although the systems are not easily compara- 
ble, it is interesting to note that, in contrast to our results, Siegel and 
Lafaye (4) report that formaldehyde is more active than formate as a 
source of serine 8-carbon in rat liver homogenate at pH 7.5. 

Evidence of a close relationship between serine and glycine in the rat 
was first presented by Shemin (9). The work of Sakami (10, 11) and 
Siekevitz and Greenberg (12) showed that serine was formed by the con- 
densation of glycine and formate and that glycine acted as a source of 
formate, although there was no evidence that the reverse reaction occurred. 
The existence of mutant strains of N. crassa utilizing serine or glycine 
(H-605 (5)) and formate or serine (T-3207) is strong evidence that a similar 
relationship between these compounds also exists in this organism. If 


glycine does act as a source of formate (or formaldehyde, or a 1-carbon 


fragment) in Neurospora, then strain T-3207 may be blocked at this step. 
Strain H-605 will not grow on formate alone,' which suggests that in Neuro- 
spora, as in the rat (11, 12), this compound is not a source of glycine. 
Wright (13) reports that a serine- or glycine-utilizing Neurospora mutant 
Y-5015 (14), genetically different from strain H-605, can use glyoxylic 
and glycolic acids and postulates the scheme glycolic acid — glyoxylic 
acid — glycine. Strain H-605 (5) cannot use glycolic or glyoxylie acid 
and presumably is blocked at the conversion of glyoxylic acid to glycine, 
if Wright’s scheme is correct. 

Recent isotope studies with animals have shown that the methyl groups 
of choline (15, 16), methionine (16), and sarcosine (17) act as sources of 
formate and formaldehyde and that the reverse reaction exists for the 
formation of methyl groups in choline and methionine (18, 19). The 


response of strain C-24 to methionine in the presence of adenine suggests | 


that in Neurospora, in which this double requirement is overcome by for- 
mate, a relationship also exists between 1-carbon fragments and methionine 
synthesis. The effect of choline in the two mutants suggests a sparing 
effect on the l-carbon fragment supply. The inactivity of other com- 
pounds implicated in methylation may reflect reaction rates inadequate 
to supply amounts of I-carbon fragments necessary for growth. 

Adenine, however, does support limited growth of both mutants and 
this fact suggests that the systems demonstrated in the pigeon (20) and 


' Unpublished data. 
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in the rat (21), in which labeled carbon from radioactive formate went 
into the 2 and 8 positions of adenine, probably exist in Neurospora and 
furthermore may be reversible. 

Although strains C-24 and T-3207 both utilize formate or formaldehyde, 
the associated alternative requirements of these mutants are quite dif- 
ferent. Strain T-3207 grows on serine alone, but does not respond to 
methionine, while strain C-24 grows on adenine plus methionine, but does 
not respond to serine. At present it is not possible todraw up any scheme 
which satisfactorily accounts for the behavior of these two mutants in 
terms of reaction pathways, but the existence of such strains indicates 
that a search for new types of formate-utilizing mutants might reveal 
interesting and hitherto unsuspected relationships between the compounds 
associated with the metabolism of l-carbon fragments. 


This work was supported by grants from the Nutrition Foundation, Inc., 


jand from the Rockefeller Foundation. 


SUMMARY 
Two genetically distinct strains of Neurospora crassa, C-24 and T-3207, 


which utilize formate or formaldehyde for growth have been described. 


The formate response is influenced by pH. Adenine supports limited 
growth of both strains. A mixture of adenine plus methionine for strain 
C-24 or L-serine for strain T-3207 will support the growth of the strains 
in place of formate or formaldehyde. Stimulatory activity of compounds 
(choline, glycine, and histidine) associated with the metabolism of 1-carbon 
fragments in animals is described for these strains, although such com- 
pounds alone do not support growth. These results and those from other 
relevant Neurospora mutants are discussed in relation to our current 
knowledge of l-carbon fragment metabolism in animals. 
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C".CHOLESTEROL 
I. LYMPHATIC TRANSPORT OF ABSORBED CHOLESTEROL-4-C™* 


By I. L. CHAIKOFF, B. BLOOM,t M. D. SIPERSTEIN,} J. Y. KIYASU, 
W. O. REINHARDT, W. G. DAUBEN, anv J. F. EASTHAM 
(From the Divisions of Physiology and Anatomy, School of Medicine, and the 
Department of Chemistry of the University of California, 
Berkeley, California) 


(Received for publication, July 9, 1951) 


Although it is recognized that absorbed cholesterol is transported via 
lymph (1, 2), the early investigators in this field were unable to measure 
the extent to which lymph serves in the transport of this sterol, partly 
because of the lack of a suitable lymph-fistula preparation. Two recent 
developments have now made such an evaluation possible: a good tech- 
nique for collecting lymph from the unanesthetized rat (3), and the syn- 
thesis of C'-containing cholesterol. 


EXPERIMENTAL 
Treatment of Animals 


Intestinal and thoracic duct lymph was obtained from unanesthetized 
rats as previously described (4). The rats were not fasted before insertion 
of the cannulae, nor was food or fluid withheld thereafter. Immediately 
following the insertion of cannulae into the lymphatics, the rats had access 
to a 1 per cent NaCl solution (5); after the lymph had ceased to clot in the 
cannulae, the NaCl solution was replaced by tap water (Table I). 

The synthesis of cholesterol-4-C" has been described (6). 3.5 mg. of 
this cholesterol were dissolved in 0.5 cc. of corn oil and administered by 
stomach tube from 21 to 36 hours after the cannulae were introduced 
(Table 1). The rats were etherized for about 3 minutes during adminis- 
tration of the test meal. 


Analytical Procedures 
Lymph—The lipides were extracted with 3:1 alcohol-ether, the solvent 
was evaporated, and the residue was extracted with petroleum ether as 


* Aided by grants from the United States Public Health Service and the Life 
Insurance Medical Research Fund. 

t Fellow of the Atomic Energy Commission. Present address, Division of Physi- 
ology and Nutrition, The Public Health Research Institute of The City of New 
York, Inc., Foot of East 15th Street, New York 9. 

t Postdoctoral Fellow of the National Heart Institute, United States Public 
Health Service. 
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described previously (4). The C“ content of the petroleum ether extracts 
was determined by the direct mount technique of Entenman et al. (7). 
The free and total cholesterol were determined by the revised Schoen- 
heimer-Sperry method (8). 
The C* content of free and total cholesterol of lymph was determined 
as follows: To aliquots of the petroleum ether extract of the total lipides 
was added 1 mg. of unlabeled cholesterol. The digitonides were precipi- 


Taste I 
Recovery of Enterally Administered Labeled Cholesterol in Lymph 
The cholesterol-4-C™ was dissolved in 0.5 ce. of corn oil at body temperature 
and administered by intragastric intubation. Each rat received approximately 3.5 
mg. of cholesterol assaying 3 X 10‘ c.p.m. per mg. 


Per cent of absorbed 
Total amount of lymph cont of 
1 per cent lesterol-C™ 
NaCl solu- | 
Rat Lymph collected — 
| Ab 35 | Total 
tration (665 65-23 as lipi | 
gm. Ars. | | | Ars. | 
1 | 260 Lacteals 26 | 2412 40 1.1 | 32° | 25 38 63f 
2 | 250 26 2 15 18 26 0.1 22° 46 66 
26 | 21) 25/24 | 31 | 3.0 | 33°|23 56! 79 
4 | 240 25 24 30 30 30 0.5 | 21* 31 60 
6 330 Thoracic duct 21 45 48} 19 | 34§ WY 
“ | 23] 56 45¢| 13 49§ 


* Difference between the C administered and the lipide-C™ recovered in the 
gastrointestinal contents and collected feces. 

t The mesentery contained white clotted lymph at the time of sacrifice. 

t Single lymph sample collected from 0 to 23 hours. 

§ Difference between the C'* administered and the lipide-C" found in the gastro- 
intestinal tract (i.e. wall and contents) and collected feces. 


tated and washed according to Sperry and Webb (8) and oxidized to CO,, 
and the latter was converted to BaCQO, (9). The entire procedure was 
carried out in the combustion tube to minimize loss in transfer. 


Feces and Gastrointestinal Contents—Gastrointestinal contents and feces’ 


of Rats 1 to 4 were collected as described elsewhere (4). In the case of 
Rats 5 and 6, the entire gastrointestinal tract, i.c. contents and wall, was 
combined with the collected feces. Petroleum ether solutions of the total 
lipides of all six samples were prepared (4). Their C“ contents were meas- 
ured by the direct mount technique of Entenman et al. (7). 
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Results 


Rats with Lacteal Fistulde (Rats 1 to 4, Table I)—Lymph was collected 
from these rats continuously for 23 hours after the administration of the 
labeled sterol. The lymph secreted by each rat was separated into two 
portions; the first was the lymph obtained during the first 6.5 hours, and 
the second was that secreted during the next 16.5 hours. Each lymph 
sample was analyzed for its lipide-C“ content. The feces and gastro- 
intestinal contents obtained from each rat were analyzed for lipide-C™. 
The C“ absorbed was computed from the difference between the C™ ad- 


Taste II 
Esterified Cholesterol in Lymph 
| 0-6.5 hr. lymph sample 6.5-23 hr. lymph sample 
Rat No. Per cent Per cent esterified 
Total cholesterol 
Of total C™-labeled| of Of C¥-labeled 
mg. per cent mg. per cent 
1 34 52 50 19 53 38 
2 33 53 31 5 | 55 
3 22 49 37 40 ee 49 
4 | 17 54 48 eS i @ 61 
5° | | 49 66 48 
6* | | 43 | 50 54 


* Single lymph sample collected from 0 to 23 hours. 


ministered and the lipide-C™ recovered in feces and gastrointestinal con- 
tents. 

From 21 to 33 per cent of the administered cholesterol-C“ was absorbed 
in the rats having cannulae in the lacteals. The percentages of the ab- 
sorbed C™ recovered as lipide-C™ in the total lymph collected for 23 hours 
are given in the last column of Table I. They ranged from 66 to 91 per 
cent in three rats. The lipide-C recovered in the lymph of Rat 1 
amounted to 63 per cent of the absorbed C™. Since white clotted lymph 
was found throughout the mesentery of this rat immediately after it was 
sacrificed, we concluded that there was some obstruction to lymph flow 
during the course of the experiment. 

The percentage of the total and of the C-labeled cholesterol present 
as esters is recorded in Table IT. 

Rats with Thoracie Duct Fistulae (Rats 5 and 6, Table 1)-—-A single lymph 
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sample was analyzed from each rat. At the end of the experiment, liga- 
tures were placed at the cardiac sphincter and at the rectum, and the entire 
gastrointestinal tract was excised.1 This was combined with the feces 
excreted and analyzed for lipide-C“. The amount of C™ absorbed was 
computed from the difference between that fed and that found by the above 
analysis. 

34 and 49 per cent of the administered C™ were absorbed, and of these 
amounts 94 and 101 per cent, respectively, were recovered as lipide-C" in 
the collected lymph. About half of the cholesterol was esterified (Ta- 
ble IT). 


DISCUSSION 


It is becoming clear that a number of compounds, after their absorption, 
are transferred almost quantitatively to lymph. This was first observed 
for three long chain fatty acids, stearic, palmitic, and pentadecanoic (10- 
12), and is here shown to be the case for a molecule of entirely different 
structure, namely cholesterol. 

The strikingly selective passage of cholesterol across the lymphatic endo- 
thelium raises some interesting questions in regard to the functional activ- 
ity of the two types of transfer membranes in the small intestine: blood 
and lymph capillaries. The factors that determine whether a compound 
makes use of one or the other for transport from its site of absorption 
are not understood at present. It has been pointed out, however, that the 
quantitative recovery of a given compound in lymph indicates that it does 


not enter the blood capillary network that lies in the vicinity of the cen- 


tral lacteal (12). This suggests that the blood capillary endothelium is 
impermeable to cholesterol in the form in which the latter exists in proxim- 
ity to this capillary bed. The possibility that the selective use of lymph 
is the result of some active metabolic process localized in the vicinity of 
the central lacteal should, of course, also be considered. 


A total of about 15 mg. of cholesterol was recovered in the lymph col-— 


lected for 23 hours, approximately half of which was in the esterified form. 
A simple calculation? shows that little of this total cholesterol was derived 
from the diet (test meal plus food ingested for the next 23 hours). Thus, 
when small amounts of non-isotopic cholesterol are fed, it is not possible 


1 It seemed likely that some of the absorbed cholesterol remained in the intes- 
tinal wall, and for this reason the intestinal wall was combined with its contents 
and feces in Rats 5 and 6. 

? The labeled oil contained 3.5 mg. of cholesterol. The food ingested by each rat 
contributed not more than 2 mg. Since the percentage absorbed did not exceed 
50 per cent, it would appear that, at most, 3 mg. of lymph cholesterol were of dietary 
origin. 
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to determine whether the small intestine esterifies cholesterol. Our C™“ 
observations do, however, provide an unequivocal answer to this question. 
Since the labeled cholesterol was introduced in the free form, the finding of 
about 50 per cent of the lymph cholesterol-C™ as esters can leave no doubt 
that esterification of dietary cholesterol takes place in its passage from the 
lumen to the site of lymph collection. A similar conclusion can be drawn 
from the recent experiments of Bollman and Flock in which quite large 
amounts of cholesterol, namely 100 mg., were fed to rats (13). 

The exact site of this esterification, whether in lumen or intestinal wall, 
is at present undecided. It should be noted that the cholesterol found 
in the mucosal layer is mainly in the free form, but some is also esterified 
(13, 14). Swell et al. (15) have shown that extracts prepared from this 
intestinal mucosa of normal rats can esterify cholesterol and that this 
capacity for esterification is lost when mucosa of depancreatized rats is 
used. These workers concluded that the pancreas is the major or sole 
source of the cholesterol esterase of rat intestinal mucosa. 


SUMMARY 


1. The ring-labeled cholesterol was fed by stomach tube to rats into 
whose lacteals or thoracic ducts cannulae had been inserted. The test 
meal consisted of 3.5 mg. of cholesterol dissolved in 0.5 ce. of corn oil. 

2. From 22 to 49 per cent of the administered cholesterol was absorbed 
by the rats in which cannulae were introduced. 

3. From 70 to 90 per cent of the absorbed cholesterol was recovered in 
lacteal lymph, and 94 to 101 per cent in thoracic duct lymph. 

4. About 50 per cent of the C“-cholesterol in lymph was esterified. The 
site of the esterification is discussed. 
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II. OXIDATION OF CARBONS 4 AND 26 TO CARBON DIOXIDE 
BY THE INTACT RAT* 


By I. L. CHAIKOFF, M. D. SIPERSTEIN,t W. G. DAUBEN, H. L. BRADLOW, 
J. F. EASTHAM, G. M. TOMKINS,} J. R. MEIER, R. W. CHEN, 
S. HOTTA, anp PAUL A. SRERE 
(From the Division of Physiology, School of Medicine, and the 
Chemistry of the University of California, Berkeley, California) 


(Received for publication, July 9, 1951) 


The early balance experiments, together with the more recent isotopic 
studies, have made it quite clear that cholesterol is destroyed! as well as 
synthesized in the animal body (1, 2). Its elimination in bile and feces is 
also known to occur (2). Little, however, is known about the oxidation of 
its various carbons to CO:, and their elimination in the expired air. It is 
with this phase of cholesterol metabolism that the present study is con- 
cerned. We have approached the problem with the aid of singly labeled 
cholesterol-4-C™ and cholesterol-26-C™. 


EXPERIMENTAL 


Labeled Cholesterol—The preparation of cholesterol-26-C“ and of cho- 
lesterol-4-C™“ has been described (3, 4). The melting point, optical ac- 
tivity, and infra-red spectra of each sterol were identical with those of 
authentic cholesterol. The labeled compounds showed an R, value of 0.54 
when chromatographed on quilon-treated paper (5). 

Preparation of Cholesterol Emulsion—The emulsions were prepared by a 
modification of the method described by Goldman ef al. (6). 2 to 12 mg. 
of cholesterol were transferred to a small test-tube and dissolved, with 
heating, in 75 mg. of triolein. 75 mg. of glycerol monostearate and 3 cc. 
of a 5 per cent glucose solution were then added. The tube was next 
immersed in boiling water and the mixture was rapidly stirred with a high 
speed propeller for 20 minutes. Emulsions so prepared had a maximal 
particle size of 1 to 2 w. All emulsions were injected into the hind leg 
vein of male, Long-Evans rats within 50 minutes after they had been pre- 

* Aided by grants from the United States Public Health Service and the Life 
Insurance Medical Research Fund. 

t Postdoctoral Fellow of the National Heart Institute, United States Public 
Health Service. 


t Life Insurance Medical Research Fellow. 
! “Destruction,” as used in this communication, refers to the loss of at least 1 
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pared. The volume injected into each rat did not exceed 1 cc. The 
amount of cholesterol injected varied from 0.5 to 4 mg. 
Collection of Expired CO.—Immediately after the injection, each rat was] gy 
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Fic. 1. Cumulative percentages of administered C“ recovered in expired CO; “ 


after intravenous injection of either cholesterol-26-C™ or cholesterol-4-C'™. The 
amount of cholesterol injected in each rat was 0.5 mg. Each curve represents the dur 
results obtained with a single rat. The rats were fed the regular stock diet. 

Fic. 2. Cumulative percentages of administered C™ recovered in expired CO; 
after injection of either cholesterol-26-C™ or cholesterol-4-C™ into rats. Each I 
curve represents the results obtained from a single rat. The dose of cholesterol- 
26-C'™* was 2 mg. (squares) or 1.5 mg. (triangles). The dose of cholesterol-4-C" 
was the same for both rats, namely 4 mg. The solid symbols indicate that 1 per) "M4 
cent sulfasuxidine and 0.2 per cent streptomycin were added to the diet fed. Ex-| lest 
periments on a pair of rats represented by symbols of the same shape were run at) ear! 
the same time. | larg 


placed in an individual, all-glass metabolism cage kept at 28°. The rats 
had access to food and water during the collection period. 

CO,-free air was continually circulated through the cage, and the CO, the 
expired by the animal was collected in NaOH columns as described by 
Lerner et al. (7). An aliquot of the NasCO; was converted to BaCO, 2 
mounted by the method of Entenman et al. (8), and its C™ content de[ by t 
termined in a gas flow counter. 


CHAIKOFF, SIPERSTEIN, DAUBEN, BRADLOW, EASTHAM, 415 
TOMKINS, MEIER, CHEN, HOTTA, AND SRERE 


Sterilization of Intestinal Tract—In some of the experiments 1 per cent 
sulfasuxidine and 0.2 per cent streptomycin were added to the regular 
stock diet 24 hours before injection of the cholesterol and continued during 
the rat’s stay in the cage. Preliminary experiments have demonstrated 
that by this treatment the intestinal tract is made practically sterile in 
24 hours. 


Results 


An experiment, the results of which are plotted in Fig. 1, showed that a 
large portion of the 26th carbon of cholesterol was expired as CO, during 
the 12 and 24 hour periods studied, whereas no C“O, was detected in 
expired air of either of the rats that had received cholesferol-4-C". 

In a second experiment, in which larger amounts of cholesterol were 
administered and in which expired CO, was collected for longer periods 
(36 and 44 hours), the same results were obtained (Fig. 2). Sterilization 
of the gastrointestinal tract with sulfasuxidine and streptomycin had no 
effect on the CO, recoveries. Each rat ate over 15 gm. of diet per day 
during the course of the experiment. Feces from the rats fed the steriliz- 
ing diets showed no growth when cultured either aerobically on eosin- 
methylene blue agar (Difco) and blood agar or anaerobically in lactose 
broth. 

To check further the possible réle of intestinal bacteria in converting 
the 26th carbon of cholesterol to CO:, 1 gm. of feces from a normal rat was 
incubated at 37° for 18 hours with a portion of the cholesterol emulsion. 
Less than 0.5 per cent of this carbon of cholesterol was oxidized to CO, 
during this period. 

Comment 

In the present study we compared the extent of oxidation to CO, of a 
terminal carbon of the isooctyl chain of cholesterol with that of a carbon in 
ring A2 The results obtained bring to light an interesting aspect of cho- 
lesterol metabolism; namely, a difference in the extent to which these 2 
carbons are converted to CO... Under similar experimental conditions, a 
large fraction of the terminal carbon appeared as CO, in the expired air, but 
none of the ring carbon was so oxidized. 

It has been claimed that intestinal bacteria play an important réle in 
the destruction of cholesterol (10). This led us to study the oxidation 
to CO, of chain- and ring-labeled cholesterol by rats in which the gastro- 

? Gould has reported that biologically synthesized cholesterol is oxidized to CO, 


by the rat and mouse (9). Sinee this cholesterol is multiply labeled, recovery of 
C™©O, provides no information as to which earbon or carbons were oxidized to COs. 


he 
> 
ZED 
The | 
the | 
CO; 
Each} 
erol-| 
1 per) 
n at! 
rate 
CO} 
1 
CO, 


416 C“-CHOLESTEROL. II 


intestinal tracts had been rendered practically free of bacteria. The re- 
sults obtained with such rats did not differ significantly from those found 
in rats with their intestinal flora intact. These findings, therefore, fail 
to support the idea that intestinal bacteria are of importance in cholesterol 
destruction. Further evidence for this view is provided by the observa- 
tion that incubation of cholesterol-26-C™ with the rat’s intestinal contents 
failed to yield significant amounts of C“QO,. 

There is little evidence to indicate how the cholesterol nucleus is utilized 
in the animal body. The conversion of cholesterol to progesterone and 
to other steroid hormones (11, 12) might involve CO, formation from the 
26th carbon, but at present the quantitative significance of such a conver- 
sion cannot be estimated. The conversion of cholesterol to bile acids (2) 
would likewise offer a plausible explanation for our CO, findings, and this 
phase of cholesterol metabolism is under further investigation. 


SUMMARY 


1. The conversion of carbons 4 and 26 of cholesterol to CO, was studied 
in the rat. 

2. A pronounced difference in the extent of oxidation of these 2 carbons 
to CO, was observed. As much as 31 per cent of the chain carbon was 
eliminated as CO, in expired air in 24 hours. Under similar experimental 
conditions, none of the ring carbon appeared as CO». 

3. Intestinal bacteria play a minor role, if any, in this oxidation of 
cholesterol to COs. 
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THE PRIMARY OXIDATION PRODUCT OF ENZYMATIC 
GLUCOSE-6-PHOSPHATE OXIDATION * 


By OSVALDO ann FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, July 23, 1951) 


The dehydrogenation of an aldehyde to the corresponding carboxylic 
acid requires a preliminary addition of some hydrogen derivative to the 
carbonyl double bond in order to supply the second hydrogen. In the 
case of glucose-6-phosphate oxidation, it seems to have been generally 
assumed that its hydrate was oxidized to phosphogluconate. However, 
at neutral reaction glucose-6-phosphate exists almost exclusively as the 
pyranose ring structure, from which dehydrogenation could easily occur 
without any preliminaries, yielding the 6-lactone as the product of de- 
hydrogenation (Fig. 1). 

It has previously been shown that the non-enzymatic dehydrogenation 
with bromine, if carried out at nearly neutral reaction, leads to glucono- 
lactone (1). The primary oxidation product was identified as the 6-lactone. 
More recently, Bentley and Neuberger (2) showed that enzymatic oxida- 
tion of glucose yields primarily the lactone with the mold flavoprotein 
notatin. 

The alternative route of carbohydrate oxidation by way of phospho- 
gluconate (3) has, for various reasons, recently attracted considerable 
attention (4). It seemed, therefore, particularly desirable to characterize 
the initial step more fully. A relatively convenient approach was indi- 
cated by preliminary observations. It appears that near neutrality glu- 
conolactone reacts quite readily with hydroxylamine to form the corre- 
sponding hydroxamic acid. Therefore, it was to be expected that a 
lactone, if formed primarily, would be trapped by addition of hydroxyl- 
amine to the oxidation system. It could be easily determined as such. 
By such a procedure, evidence has been obtained which indicates that 
phosphogluconolactone is the initial product of glucose-6-phosphate oxi- 
dation in the well known Warburg-Christian system (5, 6). 

* Supported in part by a grant from the Rockefeller Foundation. 


t Fellow of the Rockefeller Foundation. Permanent address, Instituto de Fisi- 
ologia, Universidad de Chile, Santiago, Chile. 
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Enzyme Preparations 

A Zwischenferment preparation was obtained from Fleischmann dried 
yeast, No. 2040, by means of the first few steps of the procedure of Negelein 
and Gerischer (7). Most of the experiments, however, were carried out 
with a sample kindly supplied to us by Dr. Sable, which had been prepared 
by the procedure of Warburg and Christian (5) from Anheuser-Busch 
yeast. 

Yellow Enzyme—The procedure of Warburg and Christian (5) was fol- 
lowed to the first acetone precipitation. The precipitate was taken up 
with a little water and dialyzed. Active preparations were obtained from 
Fleischmann or Anheuser-Busch yeast. 

Triphosphopyridine Nucleotide (TPN)—The coenzyme was prepared 
from a hog liver preparation made available to us by Dr. Mitz of the Ar- 


+ TPN C- + TPNH + 
HCOH HCOH 
HOCH HOCH 0O 
HCOH HCOH 
HC HC 
CHLOPO, CHOPO, 
Ph-6- Glucopyranose Ph-6-Gluconolactone 


Fic. 1. Dehydrogenation of phospho-6-glucopyranose to phospho-6-glucono-- 
lactone. 


mour Laboratories. The preparation contained, besides other coenzymes, 
4 per cent TPN. Using an unpublished method of Kornberg and Horee- 
ker,' we obtained a preparation of 36 per cent purity by fractionation on 
Dowex 1. We are greatly indebted to Dr. Kornberg and Dr. Horecker 
for having made this procedure available to us before publication. 

The enzyme reaction was followed manometrically by means of or- 
dinary Warburg vessels and manometers. As the substrate, either fruc- 
tose-6-phosphate or glucose-6-phosphate was used after the presence of 
a very active phosphohexoisomerase had been ascertained in our enzyme 
preparations. 

Lactone Determination—Hestrin’s modification (8) of the hydroxamic 
acid method of Lipmann and Tuttle (9) was used. The alkaline hydroxyl- 
amine reagent of Hestrin gave a practically instantaneous complete con- 
version of gluconolactone into hydroxamic acid. This reagent was used 
to determine the total amount of lactone present. For kinetic studies 


! Private communication. 
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of the reaction of various compounds with hydroxylamine, the hydroxyl- 
amine was added under the conditions described in the text. Then the 
fraction of hydroxamic acid formed was determined after acidification in 
the ordinary manner. Likewise, when hydroxylamine was added to the 
enzyme mixture and used as a trap for the lactone, the subsequent de- 
termination of hydroxamic acid was carried out by the method of Lipmann 
and Tuttle (9) without previous alkalization. 


Reaction of Gluconolactone with H ydroxrylamine 


Gluconolactone was at first prepared by heating gluconic acid in mineral 
acid. Later on the very pure preparation of 6-gluconolactone obtainable 
from Chas. Pfizer and Company was used. Both preparations gave com- 
parable results. Gluconolactone is rather unstable at strictly neutral or 
slightly alkaline pH. In order to obtain suitable conditions for an ac- 
cumulation of the lactone, it appeared preferable to carry out the respira- 
tion experiments at pH 6.5. 

It was found that the half life of gluconolactone is 9 minutes at pH 6.5, 
18.5 minutes at pH 6.0, and progressively longer with increasing acidity. 
However, at pH 6 it was found that the enzymatic activity of the Zwischen- 
ferment is only about 50 per cent of that at pH 7.4. At pH 6.5, however, 
75 to 90 per cent activity was obtained by measuring TPN reduction 
spectrophotometrically with hexose phosphate as the substrate. At cor- 
responding pH levels, hydroxylamine reacted much more rapidly with the 
lactone than with water. Therefore, it could be used in the enzymatic 
reaction to trap the enzymatically formed lactone. 

Trapping Primary Oxidation Product with Hydrorylamine 

By following Zwischenferment activity spectrophotometrically, it was 
found that hydroxylamine does not interfere appreciably. Only a slight 
inhibition of less than 25 per cent was observed. However, when the 
complete system, including yellow enzyme, was used and oxygen con- 
sumption measured with hydroxylamine, an apparent inhibition seemed to 
develop in the later phases of the experiment. It appeared, however, 
that this effect is due to the formation of a gas, presumably nitrogen, 
resulting from a decomposition of hydroxylamine. This gas formation 
is at least partly enzymatic. Fortunately, it occurs only with relatively 
large amounts of hydroxylamine, but is absent if the amount of hydroxyl- 
amine does not exceed 20 to 40 um per ml. 

The peculiar behavior of the system in the presence of large amounts of 
hydroxylamine is illustrated in Fig. 2, from which it may be seen that, 
after an initial 10 minute period of negative pressure, the oxygen con- 
sumption is obscured by a rapidly increasing positive pressure. In the 
absence of Zwischenferment the initial phase of negative pressure is absent. 
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As shown, however, in Table I, the effect can be minimized or completely 
abolished by decreasing the concentration of hydroxylamine. In Table I, 
the amount of oxygen consumed is compared with the hydroxamic acid 
formed. It may be seen that up to 40 um of hydroxylamine, the oxygen 
consumption and hydroxamic acid formation are approximately equivalent, 
while, beginning with 100 um, and more markedly at 200, the oxygen con- 
sumption apparently decreases, owing to an increasing formation of gas 
from hydroxylamine. In parallel, however, the hydroxamic acid formation 
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MINUTES 
Fic. 2. System, 50 uo of fructose-6-phosphate, 0.1 ml. of Zwischenferment prepa- 
ration, 0.14 mg. of TPN, 0.2 ml. of yellow enzyme preparation, 5 um of potassium 
monoiodoacetate, and 540 ym of neutralized hydroxylamine. 2.0 ml. total volume; 
oxygen in the gas phase; temperature 38°, pH 6.5; potassium hydroxide in the cen- 
ter well. Complete system, vessel constant 1.45; Zwischenferment omitted, vessel 
constant 1.55. 


increases slightly. In nitrogen very little or no hydroxamic acid appeared | 
at the end of the experiment. This shows that the oxidative process is 
not inhibited by hydroxylamine, but obviously oxygen consumption is 
obscured by a gas production from hydroxylamine. In a similar experi- 
ment at lower levels of hydroxylamine (Table I) it appears that 17 um 
per ml. are not entirely sufficient to trap all the lactone, while with 33 um 
a satisfactory correspondence between the oxygen consumption and hy- 
droxamic acid formation is obtained. 

With certain enzyme preparations it was found that the addition of 
hydroxylamine in the range of 20 to 40 um per ml. caused a considerable 
increase. Frequently the oxygen consumption was almost exactly doubled. 
Such an effect is shown in Table II. With other extracts not exhibiting 
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this phenomenon, a similar effect was obtained when catalase was added 
to such a preparation. The results in Table III show that the addition 


Tasie I 


Effect of Hydrorylamine Concentration on Oxygen U ptake and Hydroramice Acid 
Formation 


Enzyme system Hydroxylamine added Oxygen absorbed in 20 min. Hydroxamic acid formed 


per mi. uM | 

1 0 3.5 | 1.6 
40 3.7 4.4 

| 80 | 3.5 3.9 

| 100 | 2.5 5.8 

200 0.9 5.0 

7 200 | In N; | 0.28 
2 0 3.3 0.8 
17 3.2 2.2 

25 | 4.3 2.8 

33 | 4.0 3.0 


Enzyme System 1, 20 um of glucose-6-phosphate, 0.1 ml. of Zwischenferment 
preparation, 0.18 mg. of TPN, and 0.3 ml. of 20 per cent vellow enzyme. Total 
volume 1 ml. 

Enzyme System 2, 50 um of fructose-6-phosphate, 0.1 ml. of Zwischenferment 
preparation, 5 um of potassium monoiodoacetate, 0.27 mg. of TPN, and 0.5 ml. of 
20 per cent yellow enzyme. Total volume 1.2 ml. 

Potassium hydroxide in center well; temperature 38°; pil 6.5; oxygen in the gas 


° 3-Glucenclactene, Pfizer, was used as a standard. 


Taste Il 
Effect of Presence of Hydrorylamine on Oxygen U ptake and Hydroramic Acid 


Formation 
The results represent micromoles in 30 minutes. 


No hydroxylamine 20 wa NHLOH present 
Experiment No. pH — 
| Oxygen _Hydroxamic acid Oxygen | Hydroxamic acid 
3 6.2 | 3.9 1.3 


of 10 per cent Zwischenferment preparation, 0.75 mg. of 36 per cent TPN prepara- 
tion, 5 wm of potassium monoiodoacetate, and 50 um of potassium fructose-6-phos- 
phate. Total volume 2 ml. 


of catalase depresses oxygen consumption to nearly half, while the addition 
of hydroxylamine increases the catalase-“‘inhibited” oxidation to the orig- 
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inal level or a little more. Indeed, the amount of oxygen consumed with 
catalase is almost exactly doubled by the addition of hydroxylamine. 
This indicates rather clearly that the hydroxylamine effect in the experi- 
ments previously mentioned is due to inhibition of catalase (cf. Blaschko 
(10)). When hydroxylamine is present, therefore, hydrogen peroxide may 
accumulate. This causes the doubling of oxygen consumption. Obviously 
some of our preparations contained large amounts of catalase, while others 
were more or less devoid of this enzyme. 

As mentioned above, the presence of hydroxylamine results in the forma- 
tion of almost equivalent amounts of hydroxamic acid when compared 
with the oxygen consumed. In the absence of hydroxylamine, however, 
as shown in Table II, the amount of hydroxamic acid determinable at the 
end of the incubation period is considerably smaller. As mentioned previ- 


Tasie Ill 
Effect of Hydrorylamine on Oxygen Uptake in Presence and Absence of 


Hydroxylamine, ww............ | | @ 20 
14.4 15.6 | 9.0 | 17.8 
All vessels contained 50 ym of fructose-6-phosphate, 0.1 ml. of Zwischenferment 
preparation, 3.6 mg. of TPN, and 0.4 ml. of 20 per cent vellow enzyme preparation. 
Total volume 1 ml.; gas phase O,; temperature 38°; pll 6.5; 50 minutes incubation. 
0.2 ml. of a 1:50 diluted crude preparation (Armour) of catalase was used. 


ously, lactone is rather rapidly decomposed at the pH of the reaction 
mixture. Therefore a considerable loss of lactone by spontaneous decom- 
position may be expected. Owing to rapid decay, particularly of the 
unstable 6-lactone, a quantitative correspondence with oxygen consump- 
tion could only be achieved on initial addition of hydroxylamine as a trap- 


ping reagent. 


Comparison of Hydroxamic Acid Formation with Primary Oxidation Product 
and Similar Compounds 


In order to study the properties of the primary oxidation product, a 
larger sample of the complete enzyme system, with glucose-6-phosphate 
as a substrate, was shaken with oxygen for 30 minutes without hydroxyl- 
amine. The process was stopped by the addition of trichloroacetic acid 
and the protein precipitate was centrifuged. In addition to interrupting 
the enzyme reaction, trichloroacetic acid stabilized the lactone. 

The supernatant fluid was then partially neutralized and hydroxylamine 
added to bring the pH to 4.4.) The progress of the reaction between the 
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ith primary oxidation product and hydroxylamine was measured by deter- 
ne. mining at various intervals the hydroxamic acid formed. In Fig. 3, the 
eri- | reactivity of the enzymatically formed lactone is compared with that of 
iko gluconolactone, on the one hand, and with acetyl phosphate, on the other; 
ay all three samples had approximately the same pH, 4.4. It will be seen 
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up- Fic. 3. Reactivity of the oxidation product of glucose-6-phosphate with hydroxyl- 
amine at pH 4.4 compared with that of 8-gluconolactone, Pfizer, and acetyl phosphate 
under analogous conditions. 


in Fig. 3 that the enzymatically formed lactone reacts somewhat more 
rapidly than the 5-lactone, but considerably less rapidly than acetyl phos- 
', 4) phate. We believe that the greater reactivity of the enzymatically formed 
mute | compound, presumably the 6-lactone of phosphogluconic acid, could be 
xyl- due to the greater instability of the phosphorylated 5-lactone compared 
wid with plain 5-lactone. The influence of the phosphate group on the stability 
ing) of the lactone has not been explored so far. 

It is obvious from the data of Fig. 3 that the enzymatically formed 
une} compound could not be an acyl phosphate. Acetyl phosphate exhibits 
the} at pH 4 a quite different order of reactivity with hydroxylamine than that 
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obtained with our reaction product. pH 4 was chosen for this comparison 
because at this pH the differences in rate can be determined most con- 
veniently. 


DISCUSSION 


It appears from these experiments that the primary oxidation product 
of glucose-6-phosphate in the Warburg-Christian system is a compound 
which reacts rather rapidly with hydroxylamine. The equivalence be- 
tween the amount of oxygen consumed and the amount of hydroxamic 
acid formed when hydroxylamine is used as a trapping reagent indicate 
that this is actually the case. The instability of the initial product is 
indicated by its decay in the absence of hydroxylamine. A comparison 
between the enzymatic product of reaction and gluconolactone confirms 
our expectation that the product is a lactone, and excludes an acyl phos- 
phate. The exclusion of an acyl phosphate appears important because 
there existed a possibility that some phosphoglyceryl phosphate might form 
in this system by a side reaction. Such a possibility was, however, mini- 
mized by the practically complete absence from our system of diphospho- 
pyridine nucleotide, which was almost completely removed by the frac- 
tionation procedure of Kornberg and Horecker.' As a further safeguard 
against such a possibility, iodoacetate was added in most of our experi- 
ments to inhibit the phosphoglyceraldehyde oxidation enzyme. 

In this connection, it might also be pointed out that some time ago 
Theorell (11) described a strong inhibition of this oxidation system by 
inorganic phosphate. Subsequently Negelein and Haas (12) showed that 
the reaction between TPN and glucose-6-phosphate in the Zwischenfer- 
ment system is fastest in the complete absence of inorganic phosphate. 
These experiments made it clear that glucose pohsphate oxidation has no 
resemblance to glyceraldehyde phosphate oxidation with regard to the 
latter’s phosphate dependence and the formation of acyl phosphate as the 
product of oxidation. 

The possibility of enzymatic factors being involved in decomposition 
or synthesis of the lactone has, so far, not been explored. It should be 
noted, however, that the lactone-pyranose system should have an appre- 
ciably higher oxidation-reduction potential than the corresponding car- 
boxylic acid-aldehyde system. The 1-hydroxyl in the pyranose behaves 
much like an alcoholic hydroxyl group. It is, for example, interesting 
to note in this respect the relatively low energy of hydrolysis of the glu- 
cose-1-phosphate. This indicates that the lactone carbonyl may be more 
easily reduced to the corresponding pyranose alcohol, and this situation 
might well be of biochemical importance. 
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SUMMARY 


Warburg’s phospho-6-glucose dehydrogenase-yellow enzyme system was 
restudied to determine the nature of the primary product of dehydro- 
genation. 

It was observed that in the course of oxidation a compound accumulated 
which reacts with hydroxylamine to form hydroxamic acid. When the 
oxidation was carried out in the presence of hydroxylamine, for each 
mole of oxygen consumed | mole of hydroxamic acid appeared. 

The reactivity of the primary oxidation product with hydroxylamine 
was studied. It corresponded roughly to that of 6-gluconolactone, which 
reacted about three-fifths as fast. Under similar conditions, acetyl phos- 
phate, however, was found to react about 30 times more rapidly. 

It is concluded that the pyranose form of glucose-6-phosphate is the 
reactant in the Warburg-Christian enzyme system (5) and that phospho- 
gluconolactone is the immediate product of dehydrogenation. In the pres- 
ence of hydroxylamine, the lactone is trapped, while, in the absence of a 


trapping reagent, it eventually decomposes to phosphogluconic acid. 


We are much indebted to Dr. G. David Novelli for his help and advice. 
We furthermore want to express our thanks to Dr. Henry Z. Sable for 
the valuable gift of Zwischenferment preparation and to Dr. Arthur Korn- 
berg and Dr. Bernard L. Horecker for allowing us to use their unpublished 
method of coenzyme fractionation. 
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A SIMPLE METHOD FOR THE DETERMINATION OF IODINE 
IN THE CHICK THYROID 


By L. J. WALASZEK-PIOTROWSKI anv F. C. KOCH* 
(From the Biochemical Research Department, Research Division, Armour and Company, 
Chicago, Illinois) 
(Received for publication, July 23, 1951) 


In the routine thyrotropin assay based upon the depletion of iodine in 
the chick thyroid gland following thyrotropin injections, a rapid micro- 
method for the determination of iodine was desirable. Elmer (1) gives 
an excellent critical review of the existing methods for iodine determination 
up to 1936. Kirk (2) reviews the present methods and techniques for 
microanalysis, including iodine. The methods (3-5) entailing distillation 
of iodine followed by an eventual titration with sodium thiosulfate and 
methods (6, 7) consisting of distillation of iodine and its eventual determi- 
nation by colorimetric means proved to be too time-consuming. The 
catalytic or ceric sulfate method (8-10), although extremely sensitive, is 
likewise too lengthy. Consequently the method of Astwood and Bissell 
(11), which is a modification of that of Kendall (12, 13), was further modi- 
fied. 
This method consists of ashing the thyroid glands with potassium hy- 
droxide, dissolving the ash in water, acidifying the solution, and finally 
oxidizing it with bromine to yield soluble iodate salts, the concentration 
of which is determined colorimetrically. This simplified procedure has 
made it possible for one person to run at least thirty iodine determinations 
per day. 

EXPERIMENTAL 
Materials and Solutions 


All reagents used should be of the highest purity obtainable. All solu- 
tions should be prepared with doubly distilled water. 

Water. Distilled water is redistilled from a potassium carbonate solution 
in an all-glass still. 

90 per cent potassium hydroride. 90 gm. of analytical grade potassium 
hydroxide are dissolved in enough redistilled water to make a volume of 
100 ml. 

Sulfuric acid. 800 ml. of concentrated sulfuric acid (analytical grade) 
in 200 ml. of redistilled water are heated to dense white fumes. This pro- 
cedure is repeated. 


* Deceased January 26, 1948. 
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5 per cent sulfuric acid. 10.5 ml. of concentrated sulfuric acid (purified) 
are diluted to 200 ml. with redistilled water. 

Dilute sulfuric acid. 5 ml. of 5 per cent sulfuric acid are diluted to 50 
ml. with redistilled water. This is prepared just prior to use. 

Starch-iodide indicator. 0.5 gm. of soluble starch (c.p. Baker’s analyzed 
grade, prepared according to Lintner) and 0.5 gm. of analytical grade 
potassium iodide are suspended in 10 ml. of redistilled water, and the mix- 
ture slowly poured into 40 ml. of boiling redistilled water. This mixture 
is then heated just to boiling. This indicator, if stored in a cool dark 
place, may be used for at least 2 days. However, Arthur et al. (14) have 
suggested the use of cadmium iodide instead of potassium iodide to pre- 
pare a starch-iodide solution which at a neutral pH is indefinitely stable 
to atmospheric oxygen and diffuse sunlight. 

Bromine. Reagent grade analytical bromine is distilled and the vapors 
passed through a 1 cm. depth of a solution of copper sulfate (10 per cent). 
The final bromine vapors are condensed in a receiver cooled by ice water 
and stored in a glass-stoppered bottle in the cold. 

0.1 per cent methyl orange solution. 0.05 gm. of methyl orange is dis- 
solved in 50 ml. of redistilled water. 

Stock standard potassium biiodate solution. 3.08 gm. of reagent grade 
potassium biiodate (from the G. Frederick Smith Chemical Company) 
are dissolved in redistilled water to make | liter of solution. This standard 
iodate solution is stable indefinitely. 


Procedure 


Thyroid glands from white Leghorn cockerels 5 days old are weighed on 
a Roller-Smith torsion balance immediately after removal and placed in 
individual vials containing redistilled 95 per cent ethanol. This procedure 
should take | to 2 minutes only, to prevent excessive evaporation and con- 
tamination. The samples may be stored at room temperature for several 
days in this condition. 

For the determination of the total iodine, two pairs of these glands (one 
or more thyroid lobes can be used) are transferred with the alcohol to a 
nickel crucible, treated with 0.3 ml. of 90 per cent potassium hydroxide 
solution, and placed in an oven at 100-105° to dry for an hour. (Higher 
temperatures at this point cause spattering.) The dried samples are im- 
mediately ashed for 20 minutes in a muffle furnace at 400-500° and then 
allowed to cool. However, some modification in this ashing procedure 
may be necessary for other tissues. 

After cooling to room temperature, the ash is dissolved in 5 to 10 ml. 
of redistilled water and transferred quantitatively to 125 ml. Erlenmeyer 
flasks with 25 to 35 ml. of redistilled water. The resulting solutions should 
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be water-clear. For complete recovery of iodine, the crucibles should be 
scrubbed with a rubber policeman during the transfer step. 

To each flask are added, in the following order, three boiling beads, 
2.3 ml. of 5 per cent sulfuric acid, and | drop of 0.1 per cent methyl orange 
solution. Each solution is acidified with freshly prepared dilute sulfuric 
acid until a persistent orange-pink color is obtained. Bromine vapor, 
from a bromine dispenser, is then introduced above the liquid in the flask 
and brought into solution by a gentle swirling motion. Addition of bro- 
mine is continued until the solution assumes a permanent yellow color. 
Excess bromine is removed by boiling the solutions on a hot-plate for at 
least 3 minutes. 

If necessary, the solutions are concentrated by rapid evaporation on a 
hot-plate to volumes which are more conveniently transferred to volumetric 
flasks. In concentrating to volumes less than 10 ml., however, care must 
be exercised to prevent spattering by gently shaking the flask on the hot- 
plate until the desired volume is obtained. 

Upon cooling to room temperature, the solutions are quantitatively trans- 
ferred to volumetric flasks of 10 or 25 ml. capacity and diluted to volume 
with redistilled water. In addition to the samples, a reagent blank is 
carried through every step of the above procedure. 

From each solution an aliquot containing | to 6 y of iodine is transferred 
with a pipette to an Evelyn colorimeter tube. To each tube are added, in 
the order indicated, 0.3 ml. of 5 per cent sulfuric acid, enough redistilled 
water to make a volume of 9.5 ml., and 0.5 ml. of 10 per cent starch-potas- 
sium iodide solution. These tubes are allowed to stand for at least 20 
minutes at room temperature (20-25°) and then read in an Evelyn colo- 
rimeter with filter No. 620. 

It has been found advantageous to use the following procedure when the 
total iodine content is below 6 y. The sample after bromination is con- 
centrated to 3 to 4 ml., transferred to a 10 ml. volumetric flask, and diluted 
to volume with water. Then, 0.3 ml. of 5 per cent sulfuric acid and 0.5 
ml. starch-potassium iodide solution are added to make a total volume of 
10.8 ml. After thoroughly mixing the solution, the contents are poured 
into an Evelyn colorimeter tube and read as described. 

When the total concentration of iodine is 2.5 to 15 y, the sample after 
bromination is concentrated to approximately 15 ml. Upon cooling, it is 
transferred to a 25 ml. volumetric flask and brought to volume with water. 
In addition, 0.75 ml. of sulfurie acid and 1.25 ml. of starch-potassium 
iodide solution are added to make a total volume of 27 ml. After shaking, 
the contents are poured into an Evelyn colorimeter tube and read as de- 
scribed above. For an iodine content of 10 to 150 y the sample is trans- 
ferred to a 25 ml. volumetric flask and brought to volume with redistilled 
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water. Aliquots containing 1 to 6 y of iodine are then taken for the 
determination. 

The iodine concentrations are read from a standard potassium biiodate 
curve prepared with every run. The actual iodine concentration of the 
sample is then equal to the iodine concentration of the aliquot times the 
dilution factor minus the iodine content of the reagent blank. In this 
laboratory the reagent blank usually varies from 0.4 to 0.6 y of total 
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IODINE CONCENTRATION, MICROGRAMS 
Fic. 1. Standard potassium biiodate curve 


iodine regardless of whether a day-old or fresh starch-potassium iodide 
solution is used. However, this blank may be decreased with increased 
purity of material and solutions used. 

The standard potassium biiodate curve (see Fig. 1) is obtained by dilut- 
ing 1.0 ml. of the stock standard potassium biiodate solution to 2000 ml. 
with redistilled water and taking readings in the Evelyn colorimeter on 
aliquots of 1 to 6 ml. diluted to 10 ml. as described previously. Each ml. 
aliquot of the diluted standard solution is equivalent to 1 y of iodine. The 
readings obtained are plotted on a semilogarithmic scale against total 
micrograms of iodine. 
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Results 


Experiments testing the recovery of iodine and the reproducibility of 
this method were run on two different materials; namely, a relatively pure 
protein, Sample 6RS4, obtained as a by-product from thyrotropin fractiona- 
tion of beef anterior pituitary acetone powder, and desiccated hog thyroid 
powder. 

In the first set of experiments, known amounts of potassium biiodate 
were added to the protein Sample 6RS4. The recoveries are shown in 
Table I. Blank determinations on Sample 6RS4 alone showed it to con- 


Tasie | 


Recovery of lodine Added As Potassium Biiodate to Sample 6RS4 of Beef 
Pituitary Protein 


me. 

4.0 3.15 | 3.18 101 
4.0 3.15 | 3.00 96 
4.0 3.15 3.10 98 
4.0 6.30 6.38 101 
4.0 | 6.30 5.97 95 
4.0 | 6.30 5.97 95 
4.0 | 6.30 6.13 97 
4.0 12.6 13.2 98 
4.0 | 12.6 12.5 
4.0 12.6 12.5 
4.0 | 12.6 12.6 100 
4.0 | 0.00 0 


tain less than 0.1 y of iodine per mg. The total recovery of iodine, analyzed 
statistically, was 98 + 4 per cent. 

The iodine recoveries for the second set of experiments in which desic- 
cated hog thyroid powder was used are shown in Table II. This hog 
thyroid powder was assayed five times by the U.S. P. method and found 
to contain 0.55 + 0.01 per cent iodine. The recovery of iodine of this 
sample, analyzed statistically, was 100 + 4 per cent. 

By this method, the iodine content of thyroid glands of various control 
animals was determined. Table III shows the results and compares them 
with some of the values found in the literature. 


DISCUSSION 
This simple method is especially useful for the determination of quan- 


tities of iodine which occur in the thyroid glands of small animals. Dupli- 
cability of this method is dependent upon several factors, the most obvious 
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being the purity of materials and solutions used. Perhaps the most im- 
portant factor contributing to the reproducibility of the method is the 
kind of starch used. Although at least ten different kinds of starches 
were tested, only one, the c.p. Baker’s analyzed, prepared according to Lint- 


Tasie Il 
Recovery of lodine of Desiccated Hog Thyroid Powder Containing 045 = 0.01 Per 
Cent lodine 
Total solids added | lodine added recovered cemt total 
me 7 7 
0.48 | 2.65 2.57 97 
0.96 5.30 5.32 100 
1.08 5.96 6.00 101 
1.93 10.6 | 10.8 101 
2.00 11.0 11.0 100 
2.00 11.0 11.0 100 
2.89 15.9 16.1 101 
3.00 16.5 16.3 Ww 
3.00 16.5 16.3 oo 
4.00 22.0 22.6 103 
4.00 22.0 22.8 104 
4.00 22.0 21.2 06 
5.00 27.5 28.7 104 
5.00 27.5 27.4 
Ill 
Iodine Content of Thyroids of Some Small Laboratory Animals 


tions content 


| | per mg. thyroid 


White Leghorn cock- | 4-6 days old; normal 1000 —0.8-3.0 O.8-1.87 (15, 16) 
erels | 


Guinea pigs mo. old; 250-300 gm. 0.51.5 0.26 (17) 
Sprague-Dawley rats 3 wks. old; normal 10 =0.5-1.2 O.77-0.91 (11) 


hypophyseectomy 


ner, Was suitable. It gave a water-clear, uniform blue color which was 
quite stable (see Table IV), showing only a 2 per cent change in trans- 
mission after exposure for 48 hours at room temperature to laboratory at- 
mosphere. 

The common practice of using ice water temperature for the final develop- 
ment of the blue color was not followed, because the ensuing condensation 
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of moisture on the colorimeter tubes caused difficulty in obtaining readings. 
Furthermore, the intensified blue color was neither stable nor satisfac- 
torily reproducible. In this method, it has been found that for maximum 
reproducibility the starch-KI indicator must be added after all the dilutions 
have been made. 

Another important factor is the removal of the last traces of bromine. 
However, no difficulty is encountered if the brominated solutions are boiled 
vigorously for at least 3 minutes. 

This method can probably be further adapted for the determination of 
total iodine content below 1 y by using a 2 ml. micro Evelyn colorimeter 
cell or by the use of a Beckman spectrophotometer. The content of sul- 
furic acid and starch-KI solution must, however, be varied accordingly. 


Taare IV 
Stability of Starch-lodine Color 


| Colorimeter readings and interval between starch.KI addition and readings 


20min. | 30min. | 40min. min. | 60 min. 
| 

0.52 04.7 94.5 4.7 | 04.7 | 94.7 
1.05 79.2 79.2 0.2 | m2 | 7.2 
2.10 51.6 52.5 | 52.2 52.2 | 52.2 
3.15 <a 34.8 34.8 
4.20 23.2 | 23.2 | 23.2 23.2 23.2 
5.25 15.6 | 15.6 15.6 15.6 15.6 
6.30 11.2 | 11.2 11.2 11.2 11.2 


If the salt concentration becomes too high, then the iodine must be distilled 
before this procedure can be used. 


SUMMARY 


A simple and rapid method for the determination of total iodine in 
tissue or protein is described. The recovery of iodine is 99 + 3 per cent 
in the range of 1 to 10 ¥ of iodine per mg. of tissue. 
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EFFECT OF FRUCTOSE ON LIPOGENESIS FROM LACTATE 
AND ACETATE IN DIABETIC LIVER* 


By N. BAKER, I. L. CHAIKOFF, ann A. SCHUSDEK 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 18, 1951) 


Defective glucose utilization in the liver of the glucose-fed diabetic rat 
has been stated to be the result of at least two blocks: one, at an early 
stage in glycolysis, probably hexokinase; the other, in the synthesis of 
fatty acids from the 2-carbon-like intermediate. This conclusion was 
based on the following observations: (1) the conversion of C™-glucose to 
CO, was depressed in the liver of the alloxan-diabetic rat, whereas the 
rate of CO, formation from C"-fructose proceeds at normal rates (1); 
(2) the incorporation of C-labeled glucose, fructose, lactate, and acetate 
into fatty acids by diabetic hepatic tissue was markedly depressed (1-3); 
and (3) the liver of the alloxan-diabetic rat treated with large doses of 
insulin for 2 to 3 days showed an extraordinary increase in its capacity to 
synthesize fatty acids from glucose, lactate, and acetate (3, 4). 

The above experiments were carried out with livers of rats that had 
been fed a 58 per cent glucose diet. The finding that fructose is more 
readily oxidized to CO, than is glucose by the diabetic liver led us to study 
the effect of previous fructose feeding on hepatic lipogenesis. The incor- 
poration of lactate-2-C" and acetate-1 ,2-C" into fatty acids was compared 
in livers of two groups of diabetic rats. One group was fed a diet con- 
taining 58 per cent fructose for 4 days before being sacrificed, the other a 
diet containing 58 per cent glucose for the same number of days. The 
fructose feeding resulted in a pronounced increase in the capacity of the 
diabetic rat liver to convert lactate and acetate to fatty acids, an increase, 
it should be noted, that occurred without the administration of insulin. 
This fructose feeding did not repair the defective utilization of C'-glucose 
in the diabetic liver. Our findings thus suggest that impaired lipogenesis 
from the 2-carbon-like intermediate in the liver of the glucose-fed alloxan- 
diabetic rat need not be the result of insulin lack per se, but may be second- 
ary to the initial or primary block in glucose utilization. 

EXPERIMENTAL 


Treatment of Rats—Normal rats of the Long-Evans strain were fasted 
for 18 to 24 hours and then fed ad libitum for 4 days either the glucose- or 
* Aided by grants from the Corn Industries Research Foundation and Eli Lilly 
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fructose-containing diet shown in Table I. This preliminary fasting served 
to deplete liver glycogen and to stimulate the rats’ appetites for the high 
carbohydrate diet. 

Diabetes was induced in rats by the injection of alloxan monohydrate 
(Eastman Kodak). The rats that showed a marked polyuria were placed 
in individual metabolism cages, and their food and water intake, urine 
volume, and glucose excretion were measured at intervals. The diabetes 
in the rats was of long standing (Table II), and fasting blood sugars in 
excess of 200 mg. per cent were observed in all of them about | or 2 weeks 
before their sacrifice. They were fasted for 18 hours and then fed either 
Diet G or F for 4 days before their livers were excised. 

Radioactive Substrates—Acetate doubly labeled with C™ was prepared 


Tas.e 
Per Cent Composition of Diets 


Cellu flour 


Sal 
Diet Glucose Fructose Casein | VioBin mixtures 
G§ 58 None 22 6 11.8 | 2 0.2 
F§ None 58 22 6 11.8 | 2 0.2 


* Labco, vitamin-free. 

t Hawk-Oser mixture (18). 

t Each 100 gm. of diet contained 100 mg. of choline chloride, 5 mg. of niacin- 
amide, 100 mg. of inositol, 5 mg. of calcium pantothenate, 1 mg. of thiamine hydro- 
chloride, 1 mg. of riboflavin, 1 mg. of pyridoxine, 1 mg. of p-aminobenzoic acid, 
0.02 mg. of biotin, and 0.2 mg. of folie acid. 

§ Each diet was supplemented with sardaline (a fish oil containing vitamins A 
and D) every other day. 


by the method of Barker and Kamen (5). We are indebted to Dr. B. M. 
Tolbert for the preparation of Zn lactate-2-C™. It was converted to the 
sodium salt as described by Felts et al. (3). The C™ content of these two 
substrates was determined by mounting their sodium salts with essentially 
zero mass directly on an aluminum disk. The method used to convert 
counts so obtained to BaCO,-filter paper values has been described else- 
where (6). 

Radioactive glucose labeled with C™ in all of its carbons was made 
photosynthetically as described by Putman et al. (7). The C™ content 
of this glucose was determined by oxidizing it to CO, and converting the 
latter to BaCO , which was then mounted on filter paper (6). The radio- 
activity of the BaCO; was measured with a thin window Geiger-Miiller 
tube. 

Incubation Procedure—Liver slices, approximately 0.5 mm. in thickness, 
were prepared and collected in a Petri dish containing an ice-cold bicar- 
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bonate buffer. Approximately 500 mg. of slices were gently blotted on 
filter paper, weighed, and placed in the main compartment of a flask (8) 
which contained 4.5 ec. of a bicarbonate buffer (9) and 0.5 ec. of the sub- 
strate solution. The concentrations of the labeled substrates used in the 
experiments are recorded in Tables IV and V. 

Determination of C“O, and Fatty Acid-C“—The collection of total CO, 


Taste II 
History of Alloran-Diabetic Rats Used in This Study 


Rat weight Urine Highest Blood 
Rat Not | Sex of | | (uring | a 
When When diabetes? (range) (average) sample | | sacrifice! 

| | days | om. ee. gm. 

pi | M.| 18 | 212 | 102 | 17-96 | 71 | 10.7 | 294 
D2 “ | 230 | 186 | 85 | 23-31 | 191 6.8 | 381 | 1130 
D3 F. 170 152 | 87 | 2030 | 118 | 6.4 | 206 | 766 
D4 M.| 238 | 24 | 155 | 17-40 | 115 | 8.3 | 277 | 743 
D5 F. | 20 12 | 76 | 1430 | 123 5.2 | 503 | 808 
D6 « | 190 | 174 | 57 | 1840 | 48 | 8.0 | 322 | 448 
D7 M.| 285 | 174 | 35 | 12-25 | 98 | 7.2 | 494 | 965 
Ds « | 398 | 200 | 85 | 22-32 | 127 | 6.5 | 460 | 528 
D9 F. | 146 | 178 | 196 | 1642 | 100 | 10.0 | 364 | 683 
pio | M.| 182 | 170 | 116 | 17-44 | 54 | 4.9 | 254 | 603 
Dil « | a09 | 176 | 135 | 17-44 | 196 | 4.9 | 334 | 818 
pi2 | F. | 20 | 202 | 9 | 1540 | 100 | 5.2 | 266 | 659 
pis | “ | 155 | 164 | 60 | 1030 | 45 | 4.5 | 310 | 516 
Di « | 125 | 188 | 85 | 1222 | o | 7.2 | 255 | 618 


| 


* Rats D1 to D7, glucose-fed; Rats DS to DIM, fructose-fed. 
t Alloxan was administered intravenously (50 mg. per kilo) except to Rats D6, 
D7, D13, and Di4. The latter received subcutaneous injections (100 to 180 mg. per 
kilo). 
t Determined 1 to 3 weeks before sacrifice. 
§ Stock diet prior to initiation of high carbohydrate diet. 
| Whole blood analyzed. 


at the end of the experiment and determination of its C™ content were 
carried out as described elsewhere (6). Total lipides were isolated from 
an alkaline hydrolysate of the entire flask contents. Cholesterol was pre- 
cipitated with digitonin, and the fatty acids were separated as described 
previously (3). An aliquot of the fatty acids was oxidized to CO:, and 
the C™ activity of the latter was measured in the form of BaCOs. 
Glycogen Determination— 500 mg. portions of liver slices were taken from 
the pool in the Petri dish (see above) and hydrolyzed in hot 30 per cent 
KOH for 30 minutes. An interval of about 20 minutes elapsed between 
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the time the rats were sacrificed and the time the liver samples were placed 
in the KOH solution. Glycogen was isolated by the method of Good 
et al. (10). It was hydrolyzed to glucose in the presence of 5 nN H SO, 
as outlined by Sjégren et al. (11), the mixture obtained was deproteinated 
according to Somogyi (12), and the reducing value of the supernatant was 
determined by Hassid’s ceric sulfate-ferricyanide method (13). 

Determination of Total Carbohydrate Content of Liver Slices before Incu- 
bation—Approximately 500 mg. of liver slices were macerated and heated 
with 5 ec. of 1 N HCl for 3 hours on a steam bath. The acid hydrolysate 
was neutralized with a Na:CQO, solution, filtered, and made to volume. 
An aliquot was deproteinated and its reducing value determined as de- 
scribed above. 


Results 


Twenty-three rats were used, nine normal and fourteen diabetic. They 
were fed either the 58 per cent fructose or 58 per cent glucose diet for 4 
days. The average amount consumed daily by each rat is recorded in 
Table III. As was to be expected, some variation in the amounts of food 
ingested by the rats of each group was found, but neither the normal nor 
the diabetic rats showed a preference for either of the diets. 

The relative amounts of glycogen deposited in the livers of animals fed 
glucose and fructose have been repeatedly studied and it appears to be 
the consensus of opinion that fructose feeding results in greater hepatic 
glycogenesis than does the feeding of glucose (14). This is borne out by 
the values for liver glycogen shown in Table III. It should be noted that 
glycogen was determined on liver samples taken about 20 minutes after 
the animals were sacrificed. We have confirmed Barfod’s finding (15) 
that glycogen values at this time are about 20 per cent lower than at the 
time of sacrifice. 


Experiments with Lactate-2-C" and Acetate-1 ,2-C™ (Table IV) 


Group 1. Normal Rats Prefed Diet G—The livers of these rats con- 
verted from 9.5 to 18 per cent of the lactate-2-C" and from 16 to 21 per 
cent of the added acetate-C" to CO,. The fatty acid-C™ recoveries for 
these two substrates ranged from 2.5 to 4.5, and from 3.1 to 7.8 per cent, 
respectively. 

Group 2. Normal Rats Prefed Diet F—The CO, values were well 
within the range of those observed with the livers of normal rats fed the 
high glucose diet. Some of the fatty acid-C™ recoveries were also in the 
same range, but others were higher. 

Group 3. Diabetic Rats Prefed Diet G—The incorporation of C™ from 
the lactate and the acetate into fatty acids was greatly depressed, whereas 
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Taste 
Carbohydrate and Fatty Acid Contents of Liver from Normal and Diabetic Rats Fed 


Glucose and Fructose Diets 


Composition of liver, 
per cent wet weight 


439 


Rat No.* Weight? yous Liver weight cent 
| uke | Total Total 
carbo fat 
| hydrate | aci 
NI 196 | G 15 5.6 2.9 2.4 | 24 | 1.9 
45 | 49 | 3.5 | 3.2 
N3 «208 | | 3.2 3.9 | 28 | 2.1 
N4 ee ea 7.8 3.4 46 | 38 | 2.1 
8.8 3.7 | 3.0 | 1.3 | 3.6 
Average........... 17 7.7 3.5 38 | 28 | 2.6 
N6 | 225 F 19 10.0 44 | 51 | 4.7 | 8.2 
N7 le Ais 13 7.2 3.8 5.5 | 5.0 | 2.4 
NS 16 10.0 5.1 | 3.2 | 1.9 
N9 15 | * 18 9.4 4.4 6.1 | 4.4 | 2.8 
Average... | 17 9.2 4.4 5.3 | 4.3 | 2.6 
Dit | G 20 9.3 4.4 5.5 | 2.4 
Dat e 29 8.7 4.7 5.8 | 2.5 
D3 a 24 7.3 4.8 30 | 25 | 1.9 
D4 30 11.9 4.9 $0 | 
D5 21 6.2 4.9 2.4 1.6] 1.8 
D6 es 25 9.6 5.5 3.6 | 2.1 | 1.6 
D7 | 27 7.2 4.1 3.3 | 1.6 | 2.4 
Average. . 25 8.6 4.8 3.9 2.3 1.9 
Dst F 29 11.5 5.5 | 6.6 | 3.8 
Dot 25 10.5 5.9 6.9 4.0 
DIO a 29 10.8 6.4 7.2 | 58 | 3.6 
Di a 33 11.9 6.3 7.2 | 50 | 2.3 
« 31 12.3 6.1 | 4.7 | 39 | 26 
25 9.9 6.0 5.3 40 2.9 
Dis 8.5 54 | 50 35 2.3 
Average... | 0s | 69 | 61 | 44 | 2.7 


* N, normal; D, diabetic. 


t Weight of animals at time of sacrifice; see Table II for weights of diabetic rats. 
t Lipogenie studies with labeled isotopes not performed on these animals. 
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the C“O. values were well within the normal range. Thus the results 
obtained with the livers of these rats are in complete agreement with those 
reported earlier (1, 3). 

Group 4. Diabetic Rats Prefed Dict F—F¥ructose feeding restored to the 
diabetic liver the capacity to convert lactate and acetate to fatty acids. 
The liver slices of diabetic rats that had received the 58 per cent fructose 


Tasie IV 


Conversion of Lactate-C'* and Acetate-C" to Fatty Acids by Livers of Diabetic and 
Normal Rats Previously Fed Diets* Containing Either 58 Per Cent Fructose 
or 58 Per Cent Glucose 


500 mg. of liver slices were incubated for 3 hours at 37.5° with 50 uM of either 
substrate. The gas phase consisted of 95 per cent O, and 5 per cent CO,. The 
added acetate-C"™ contained a total of 10 to 20 K 10‘ ¢.p.m., whereas the lactate-C"™ 
had a total activity of approximately 30 X 10‘ ¢.p.m. Duplicate flasks were incu- 
bated and the contents analyzed separately; average values are reported below. 


Per cent of lactate-2-C™ recov. Per cent of acetate-1,2-C™ recov. 
Diet fed previous _ ered per 500 mg. liver slices as —s ered per 500 mg. liver slices as 


Rat No. | days | 

| _ Fatty acids CO: Fatty acids CO: 
NI | G 3.1 ee 3.1 21. 
N2 “ 3.3 18 
N4 “ oe 7.6 16 
N5 F 2.1 a 3.5 4 
N6 “ 2.5 | 12 3.3 15 
N7 “ 6.4 12 10 18 
D5 G i. 0.50 17 
D6 | | 086 | 
D7 | “ oss | 2 
| F | 3.4 M 
Di4 | “ 2.7 21 


©The constituents of the diets are given in Table I. 
diet for 4 days incorporated, in 3 hours, from 2.5 to 3.4 per cent of the 
lactate-C™ and from 2.7 to 4.7 per cent of the acetate-C™ into fatty acids. 


Experiments with C“-Glucose (Table V) 


The livers of normal rats fed Diet G for 4 days before being sacrificed 
oxidized 4 to 5 per cent of the added glucose-C™ to CO, and incorporated 
from 0.3 to 0.4 per cent of it into fatty acids (Table ¥). 

The oxidation of glucose-C"™ to CO, was markedly reduced in the experi- 
ments with diabetic liver slices, and this was the case regardless of whether 
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the preceding diet was 58 per cent glucose or 58 per cent fructose. The 
liver of the glucose-fed, diabetic rat lost almost completely its capacity to 
synthesize fatty acids from added glucose, and previous fructose feeding 
failed to correct this defect. 


TaBLe V 
Conversion of Glucose-C™ to CO; and Fatty Acids by Livers of Diabetic and Normal 
Rats Previously Fed Diets* Containing Either 58 Per Cent Fructose or 
58 Per Cent Glucose 
500 mg. of liver slices were incubated at 37.5° for 3 hours with 400 mg. per cent 
of glucose. The gas phase consisted of 95 per cent O, and 5 per cent CO,. The 
total activity added to each flask was approximately 70 < 10° ¢.p.m. 


Per cent of glucose-C™ recovered 
per 500 mg. liver slices 
Rat No. Diet fed previous 4 days Soren ee aad 
CO: Fatty acids 
N3 G 5.1 0.36 
N4 4.0 0.33 
N5 on 4.6 0.31 
D3 - 1.7 0.0 
D4 - 1.9 0.0 
D7 1.9 0.0 
D10 F 1.9 0.0 
1.3 0.0 
Di4 | 1.9 0.0 


* The constituents of ‘the diets are given in Table I. 
DISCUSSION 


A major defect in the liver of the glucose-fed, diabetic rat is a reduction 
in its capacity to synthesize fatty acids at the expense of 2-carbon-like 
intermediates (1-3). It is shown here that the previous feeding of diabetic 
rats with a 58 per cent fructose diet yielded livers whose capacities to 
convert C™-lactate to fatty acids were practically the same as those of 
normal rats fed a 58 per cent glucose diet. In order to interpret this 
finding, we at first considered the possibility that fructose stimulated 
preferentially the secretion of insulin from a small remnant of islet tissue 
still present in the pancreas of the alloxan-injected rats. Such a possi- 
bility, however, seems to be ruled out by the failure of fructose feeding to 
repair defective utilization of C™-glucose in the diabetic liver. Moreover, 
the blood sugar values of the rats fed Diets G and F were about the same.! 

Defective lipogenesis in the diabetic liver can be repaired in two ways: 
by insulin injections, or by fructose feeding. But the actions of the two 


' Practically no free fructose was found in the plasma of the fruetose-fed rats (17). 
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treatments upon lipogenesis are not identical. The hormone repairs lipo- 
genesis not only from acetate, lactate (3), and pyruvate (16), but also 
from glucose (4). Fructose feeding, on the other hand, repairs lipogenesis 
from the 2-carbon-like intermediate but not from glucose. This difference 
indicates that the feeding of fructose, by circumventing the initial block 
in glucose utilization, provides a continuous source of substrates in the 
glycolytic system. It is possible that a high activity in this system is 
required for maintenance of lipogenesis in the liver. Support for such a 
view is found in the rapid decrease in lipogenesis from glucose and acetate* 
that occurs in the liver of the fasted rat and in the rat fed a diet totally 
devoid of carbohydrate. Since insulin increases glucose oxidation in both 
normal and diabetic livers (4), the action of this hormone in promoting 
lipogenesis from the C-2 unit may, in part at least, be the result of an 
increased glycolytic activity associated with augmented glucose utilization. 

The results of the present study bring to light an interesting relationship 
between diet, enzymatic activity, and a hormone. The surprising response 
of the diabetic to the mere feeding of fructose suggests that the liver is 
dependent for fatty acid synthesis upon previous’ activity in the glycolytic 
system. The repair, by fructose feeding per se, of a metabolic defect 
hitherto ascribed to an insulin lack throws new light on the lipogenic defect 
in the diabetic liver. That a mechanism involving adaptation of lipo- 
genic enzymes is concerned with this repair is, of course, one interesting 
possibility. Experiments designed to elucidate this fructose effect are in 
progress. 

SUMMARY 


1. Lipogenesis from acetate doubly labeled with C", lactate-2-C™, and 
C"-glucose was compared in the livers of normal and alloxan-diabetic rats 
that were fed, for 4 days, a diet containing either 58 per cent glucose or 
58 per cent fructose. 

2. In glucose-fed, diabetic rats, hepatic lipogenesis from acetate and 
lactate was greatly depressed, in some cases to one-tenth the normal value. 
The livers of these rats also lost, almost completely, their capacity to 
convert glucose to fatty acids. 

3. Fructose feeding restored to the diabetic liver its capacity to syn- 
thesize fatty acids from acetate and lactate. The fatty acid-C™ recoveries 
in the experiments with fructose-fed, diabetic rats were in the same range 
as those observed in the experiments with glucose-fed, normal rats. 


? Unpublished observations of I. Lyon in this laboratory. 

* The mere addition of 400 mg. per cent fructose to the medium does not restore 
lipogenesis from acetate in liver slices obtained from diabetic rats previously fed 
the 58 per cent glucose diet (1). 
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4. Fructose feeding failed to correct the defective hepatic lipogenesis 


from C-glucose in the diabetic rat. This is in contrast to the action of 
insulin which has been shown to restore to the diabetic liver its capacity 
to form fatty acids from glucose as well as from acetate and lactate. 


5. Possible mechanisms by which fructose repairs lipogenesis in the dia- 


betic liver are discussed. 
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THE DISTRIBUTION OF NUCLEODEPOLYMERASES IN CALF 
THYMUS FRACTIONS* 


By KENNETH D. BROWN, GERSON JACOBS, ann M. LASKOWSKI 


(From the Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee, Wisconsin) 


(Received for publication, July 11, 1951) 


The distribution of desoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA) within cells of various organs has been extensively studied and the 
subject has been reviewed recently (1-3). On the other hand the infor- 
mation concerning the localization of nucleodepolymerases (4) is very 
limited. Ribonuclease (RNase) has been reported in chicken erythrocyte 
nuclei (5) and in mitochondria of rat liver cells (6). The distribution of 
desoxyribonuclease (DNase) has been studied by Mazia (7) in the develop- 
ing sea-urchin embryo and by Neff (8) in thymus. Lang and coworkers 
(9, 10) have announced that kidney nuclei prepared by an undisclosed 
procedure contained most of the DNase of that tissue. 

During the past decade several attempts have been made to determine 
the level of DNase in different tissues (11-13), in the hope that it might 
be correlated with the ability of the tissue to grow or to regenerate. All 
measurements were made at pH 7.0 and many of them in the presence of 
Mg. Recently Siebert, Lang, and Corbet (10) reported that optimum pH 
values of DNase activity of different organs vary considerably. 

Preceding Siebert et al. by 2 years, Maver and Greco (14-16) found 
that extracts prepared from thymus for the purpose of studying cathepsins 
depolymerized both RNA and DNA. Maver and Greco noticed that the 
DNase activity of their extracts, measured by the liberation of acid-soluble 
phosphorus (17) as well as by the viscosimetric technique (18), had an 
optimum at pH 4.5. They also noticed that the DNase of thymus was 
inhibited instead of accelerated by Mg ions, that it was activated by 
cysteine, and that it had a different thermostability curve from that of 
DNase from pancreas (19). The RNase activity of their extracts showed 
an optimum at pH 5.0 and a different thermostability curve from that of 
RNase from pancreas (20). Maver and Greco (16) concluded that “‘intra- 
cellular nucleases” (nucleodepolymerases of thymus) differ from the pan- 
creatic enzymes. 

The present work was undertaken for the purpose of studying the 
distribution of nucleodepolymerases within the cell of calf thymus. To 


* Aided by a grant-in-aid from the American Cancer Society upon recommenda- 
tion of the Committee on Growth of the National Research Council. 
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establish the conditions for assay, it was necessary to repeat some experi- 
ments of Maver and Greco concerning the general characteristics of thy- 
mus depolymerases. Calf thymus was selected because it has long been 
the organ used as a source for the preparation of DNA. 


Methods 


Fractionation of Tissue—Thymus was removed from the calf immedi- 
ately after death,' transported to the laboratory, and converted into a 
pulp with a tissue press at 5° according to the method of Cunningham 
et al.2_ The pulp was suspended by shaking it in 3 volumes of cold 0.85 
per cent sodium chloride which contained 0.002 m calcium chloride, as 
recommended by Schneider and Petermann (21). This was called the 
homogenate (Fraction H). All subsequent dilutions were made with the 
above suspending medium, and all subsequent operations were performed 
at 5°. 

An aliquot (90 ml.) of the homogenate was centrifuged for 10 minutes 
at 500 r.p.m. (75 X g). The supernatant fluid (approximately 50 ml.) 
was decanted between centrifugations and centrifuged twice more at the 
same speed. This was necessary to avoid packing of nuclei into a clumped 
mass. The sediment from all three centrifugations was pooled and the 
volume made up to 60 ml. This suspension was centrifuged as described 
until the wash fluid (approximately 30 ml.) was free from nuclei. The 
pooled nuclei were finally suspended in a volume of 90 ml. (Fraction N). 
The nuclei were morphologically intact and relatively free from cytoplas- 
mic particles.’ 

The wash fluid (about 30 ml.) was combined with the previously col- 
lected supernatant fluid (about 50 ml.) and the volume was brought up 
to 90 ml. (Fraction H-N). Fraction H-N was centrifuged for 60 minutes 
at 30,000 X g. The supernatant fluid was decanted and diluted to 90 
ml. (Fraction S). The sedimented particles were suspended in a small 
amount of the medium by rapid stirring and brought to a final volume of 
90 ml. (Fraction P). 

Analytical Methods—Acid-soluble phosphorus (22) and biuret nitrogen 
(23) were determined on all fractions. For the latter, calf thymus homoge- 
nate was used as a standard. Biuret nitrogen of the homogenate was 
arbitrarily considered to be equal to the total nitrogen (Kjeldahl) minus 
the calculated DNA nitrogen (24). The biuret N was chosen as a basis 
for caleulating the specific activity. This was preferred to either the dry 

' We are indebted to Mr. 8. A. Glen and Mr. F. J. Lorenz of the Plankinton Pack- 
ing Company, Milwaukee, for their cooperation in furnishing fresh calf thymus. 


? Cunningham, L., Brown, K. D., Laskowski, M., and Ihrig, H. K., unpublished 
work. 
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weight or the total N because this value was not influenced by salts or 
desoxyribonucleic acid. 

The DNase activity was measured by a modified method of Laskowski 
(17). Substrate (DNA) was. prepared according to Schwander and Signer 
(25) from isolated thymus nuclei.2~ The assay procedure was established 
as follows: The experimental tube contained 1.5 ml. of 0.6 per cent DNA 
solution, 0.5 ml. of 1 m acetate buffer of pH 5.0, and 0.5 ml. of tissue frae- 
tion or homogenate, and was incubated at 37° for 180 minutes. At this 
time the tube was placed in an ice bath and received 2.5 ml. of cold 
10 per cent trichloroacetic acid. A zero time tube containing the same 
components was used as a control. All tubes were allowed to stand at 
5° for at least 5 minutes and were then centrifuged. The acid-soluble 
phosphorus was found to be proportional to the amount of homogenate 
when 0.1 to 0.5 ml. aliquots of homogenate were used. 

The RNase activity was also determined by the liberation of acid-soluble 
phosphorus according to the method of Kunitz (20). In view of the high 
blanks, additional precautions were necessary. They were (a) extensive 
dialysis of the commercial (Schwarz) yeast RNA and (6) increased strength 
of the precipitating reagent (0.25 per cent uranium acetate in 10 per cent 
trichloroacetic acid). The increased concentration of trichloroacetic acid 
counteracted the buffering capacities of the different samples. When a 
precipitating reagent containing less trichloroacetic acid was used, some 
variation in the final pH was encountered. This influenced the values of 
the acid-soluble phosphorus significantly. 

After investigating the influence of time and the concentration of the 
substrate upon the RNase activity, the following procedure for assay was 
established. The experimental tube contained 1 ml. of RNA solution 
(10 mg.), 0.4 ml. of acetate buffer of pH 4.5, and 0.6 ml. of homogenate or 
a fraction thereof. It was incubated for 60 minutes at 37°. A zero time 
tube containing the same components was used as a control. To end the 
reaction, each tube received 2 ml. of the precipitating reagent. After 
standing for an hour at 5°, the tubes were centrifuged at the same tempera- 
ture. Under these conditions increasing the amount of homogenate (in 
the range from 0.1 to 0.6 ml.) resulted in a proportional increase of acid- 
soluble phosphorus. In the routine procedure, incubation of enzyme alone 
and substrate alone was omitted, because it was found that no significant 
formation of acid-soluble phosphorus occurred in either case. No effect 
of Ca, Mg, or cysteine on RNase activity was found. 


Results 


Properties of Depolymerases from Thymus—The effect of pH on DNase 
activity was first investigated. The results are presented in Fig. 1, indi- 
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cating that the optimum activity was found at pH 5.0. Fig. 2 shows the 
effect of increasing concentrations of Mg ions on the DNase activity of a 
thymus homogenate compared with the effect of Mg on the activity of 
partially purified desoxyribonuclease from pancreas (17). The DNase of 
thymus was strongly inhibited, while the DNase of pancreas was accelerated 
by magnesium. Surprisingly, the concentration of Mg producing maxi- 
mum effect was similar in both cases. In agreement with these results 
it was found that thymus homogenates prepared with citric acid showed 
a higher DNase activity than the homogenates prepared with saline. 
We have been unable to confirm Maver and Greco’s statement (16) 


= 
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Fig. 1 Fig. 2 


Fic. 1. Influence of pH on activity of desoxyribonuclease from calf thymus. The 
buffers used were | mM acetate, pH 4.0 to 6.0, and 1 m borate, pH 7.0. 

Fic. 2. Influence of Mg ions on activity of desoxyribonuclease of calf thymus 
(solid line) and on desoxyribonuclease of beef pancreas (broken line); the latter 
curve is based on figures published by Laskowski (17). 


concerning the activation of this enzyme by cysteine. The addition of 
either cysteine or cystine to thymus homogenates produced no significant 
changes. However, Maver and Greco used partially purified extracts of 
thymus, while either homogenates or fractions of them were used in this 
work. 

An attempt was made to detect the presence of a DNase of the pancreatic 
type in thymus. Samples of homogenate were incubated under optimum 
conditions for the activity of each of the DNases. The results are shown 
in Fig. 3. On the basis of this evidence it was concluded that little or no 
DNase of the pancreatic type was present. 

The initial experiments with thymus RNase dealt with the influence of 
pH (Fig. 4) and with the degree of hydrolysis (Table I). The optimum 
activity of thymus RNase was found at pH 4.5. The excess of enzyme 
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was found to digest yeast ribonucleic acid without a “core” at 37° and 
60°. Both these findings support the claim of Maver and Greco concern- 


[INCREASE IN ACID SOL. 


INCREASE IN ACID SOL.P 


30 60 90 120 150 180 
TIME IN MINUTES 


Fic. 3 Fic. 4 
Fic. 3. Desoxyribonuclease activity of calf thymus homogenate measured under 
the conditions designated. 
Fic. 4. Influence of pH on activity of ribonuclease of calf thymus. The buffers 
used were 0.2 m acetate, pH 4 to 5.5; 0.2 m succinate, pH 6; 0.2 m borate, pH 7.0; and 
0.2 uw alanine, pH 8 and 9.1. 


Taste 
Extent of Digestion of Ribonucleic Acid 
| | Acid-soluble P RNA digested 


Experiment No. | liberated 
1 37°, 34 hrs. 318 106 
2 a ae 306 102 
3 Kunitz (20) RNase, 37°, 1 hr. 126 42 


Experiments 1 and 2 were performed by incubating 1.3 ml. of Fraction H-N, 
0.4 ml. of 1 mM acetate buffer of pH 4.5, and 0.3 ml. of RNA (10 mg. per ml.) under 
the conditions specified. A zero time tube and incubated tubes containing enzyme 
alone and substrate alone were used as controls. Experiment 3 was performed by 
incubating 1 mg. of crystalline RNase in 1.3 ml. of water, 0.4 ml. of 1 m borate 
buffer of pH 7.0, and 0.3 ml. of RNA (10 mg. per ml.). 


ing the non-identity of thymus RNase with pancreatic RNase of Kunitz 
(20). 

Distribution of Depolymerases within Thymus Cell—The distribution of 
DNase activity in the tissue fractions, based on the average of eleven 
different fractionations, is shown in Table II]. The high recoveries of 
biuret N and zero time acid-soluble phosphorus show that no serious losses 
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occurred during the fractionation procedure. The recovery of activity 
was 76 per cent and, as yet, no adequate explanation of this incomplete 
recovery is available. 

Recombinations of fractions were carried out. In these experiments, 
the activity of the reconstituted fraction composed of equal amounts of 
Fractions N, 8, and P was identical to that of the sum of Fractions N + § 


Tas.e Il 
Distribution of Desoryribonuclease Activity in Calf Thymus Cell Fractions 


perce | percent | 
Homogenate (H).......... 4.37 100 279 100 6100 4.08 
re 2.35 54 | o 2 2m | 37 2.75 
Supernatant (S)........... 1.17 | 2 | 183 | 6 | 49 | 2 | 4.10 
Particles (P).............. 0.45 10 | 2 9 6 | 12 4.75 
3.97 | 91 | 28 | 9 415 | 76 


* Increase in acid-soluble phosphorus in micrograms. 
t Increase in acid-soluble phosphorus in micromoles per mg. of biuret N. 


Ill 
Distribution of Ribonuclease Activity in Calf Thymus Cell Fractions 
Fraction | Biuret N | Activity® Specie, 
per mi | percent perml. | percent 
Homogenate (H)................ | 432 |; 00 | OF | 00 | 3.5 


° Increase in phosphorus soluble in the uranium acetate-t richloroacetic acid re- 
agent. 
t Activity in micromoles of phosphorus per mg. of biuret N. 


+ P. When compared to the activity of the original homogenate from 
which the fractions were prepared, only 75 per cent of the activity was 
recovered. Similar to the experiments with the homogenate, the addition 
of cysteine or cystine to each fraction produced no effect on activity. 
The distribution of RNase activity in the tissue fractions, based on the 
average of five different fractionations, is shown in Table III. In the case 
of RNase the recoveries were quite satisfactory. The sums of RNase 
activities and of biuret N values of the fractions equaled that of the origi- 
nal homogenate. The nucleus fraction contained around 50 per cent of 
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the total RNase activity. The highest specific activity was found in the 
“particulate” fraction. 

The effect of repeated washing on the content of each of the depoly- 
merizing enzymes in nuclei was also investigated. In order to minimize 
clumping of nuclei, the homogenate was prepared in 2 per cent citric acid 
(26). The nuclei were isolated by centrifugation at 150 X< g, and were 
repeatedly washed with citric acid pH 3. Samples were taken from nuclei 
washed one, four, five, six, and seven times. The nucleus count,’ biuret 
N, and activity level were determined for each of the samples. The 
results are shown in Table IV. During the early washes, the DNase 
activity was removed to a greater extent than the RNase activity. Both 
activities reached a constant level after the third wash. 


Taste IV 
Change in Nucleolytic Activity during Washing of Calf Thymus Nuclei 
| Specific* activity |  Specifict activity 
per ml | | 
14 154 1.9 177 
4 | 3.3 1.0 81 1.5 126 
5 3.3 0.9 76 1.5 129 
6 | 3.8 0.9 SS 1.5 146 
7 | 3.6 0.9 83 1.8 163 
* See Table IT. 
t Acid-soluble P in micrograms X 10°. 
See Table III. 


The residual DNase activity was 53 per cent of that found in once washed 
nuclei, and represented 20 per cent of the total activity of the homogenate. 
In contrast to this, the residual RNase activity was 80 per cent of that 
found in once washed nuclei and represented 40 per cent of the total ac- 
tivity of the homogenate. The results indicate that some nucleodepoly- 
merases from structural elements were leached out during the fractionation 
procedure. ‘Therefore, the reported values for the formed elements repre- 
sent the lowest limit of the actual concentration, while the values found in 
the “soluble” represent the highest limit. The results also show that 
significant quantities of each enzyme are strongly held within the nucleus. 


DISCUSSION 


Many workers interested in highly polymerized DNA, basing their con- 
tentions on the work with pancreatic DNase, have naturally extended 


* We are indebted to Dr. L. Cunningham for these counts. 
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these observations to enzymes of other mammalian tissues capable of 
hydrolyzing DNA. Several procedures recently described for the isolation 
of DNA from thymus have recommended the addition of citrate on the 
assumption that this would inhibit the activity of DNase. Similarly it 
has been assumed that maximum enzymatic degradation of DNA would 
occur at pH 7. With relation to calf thymus, both of these assumptions 
have been shown to be false. 

The validity of the determination of the nucleodepolymerases by the 
liberation of acid-soluble phosphorus has been discussed recently (4). The 
good recovery of the DNase in the recombined fractions, the lack of DNase 
activity of the homogenate at pH 7, and the agreement with the results of 
Maver and Greco (16) obtained by the viscosimetric technique support 
the view that the presence of nucleophosphatases does not significantly 
influence the determination. The results presented in this paper support 
the conclusion of Maver and Greco (16) that the nucleodepolymerases of 
thymus differ from those of pancreas. No attempt has been made to 
isolate or even to extract the enzyme from thymus; therefore, no individual 
names for these enzymes are suggested. ‘Temporarily the enzymes are 
referred to as thymus DNase and thymus RNase. 

The recent work of Dounce ef al. (27), with nuclei prepared by the 
technique of Behrens (28), strongly indicated that considerable material 
including protein and possibly RNA must be lost when nuclei are prepared 
in aqueous media. Aqueous media were used throughout this work and 
nucleodepolymerases were distributed among all fractions. Furthermore, 
it was shown that during the first few washings the amount of DNase per 
nucleus decreased, and then reached a constant value. This supports 
the conclusion of Dounce ef al. (27) that some material is lost from nuclei 
during the fractionation in aqueous media. On the other hand, the finding 
of a constant value after three to four washings indicates that at least 
part of the enzyme is protected by the nuclear structure from reaching 
equilibrium with the wash fluid. It is conceivable that citrate acts in 
stabilizing these structures. 

It has been suggested on several occasions that the distribution of the 
substrate and of the enzyme capable of hydrolyzing it should follow the 
same pattern. The results presented in this paper only partially agree 
with this assumption. The highest concentration of RNase was found in 
the “particulate fraction” (mitochondria), where most of the RNA is 
located. The finding of a large amount of RNase in nuclei (not less than 
40 per cent of the total) is not in accordance with the accepted distribution 
of the RNA in the cell, unless one would assume with Dounce that RNA 
is one of the materials easily washed from nuclei. The distribution of 
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DNase, as found in this study, does not coincide with the distribution of 
DNA. The lack of agreement in the case of nuclei may be due to the ease 
by which DNase is washed out from the nuclei, contrary to the DNA 
which is not washed out. The high specific activity of the “particulate 
fraction”’ is apparently not due to the use of aqueous media. 


SUMMARY 


The existence in calf thymus of nucleodepolymerases capable of hydro- 
lyzing DNA and RNA but different from those isolated from pancreas 
has been confirmed. The significance of this finding with respect to the 
methods of preparation of DNA from thymus has been discussed. The 
distribution of these enzymes within the calf thymus cell, fractionated in 
aqueous media, has been studied. Leaching out of some protein material 
from the nuclei has been confirmed. A portion of both thymus DNase 
and thymus RNase has been found to be held rigidly within the nucleus. 
The distribution of nucleodepolymerases within the thymus cell did not 
entirely coincide with the accepted distribution of their substrates. 
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SPECIFICITY OF AMINO ACID ACYLASES 
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The observation that chloroacetyl-pL-alanine is asymmetrically hydro- 
lyzed by crude kidney preparations at pH 7 (1) led to the development of 
a general and simple procedure for the resolution of racemic amino acids 
(2-12). This procedure was based upon the action of a concentrated 
enzyme preparation obtained from hog kidney which asymmetrically hy- 
drolyzed most N-acylated racemic amino acids, and which in consequence 
was designated “‘acylase.’”” The enzyme concentrate was obtained by an 
alcohol fractionation of the homogenate at low temperature, and in most 
cases represented a 4- to 6-fold concentration in activity against chloro- 
acetyl-pL-alanine which was employed as the test substrate. It was fur- 
ther assumed that this concentration in activity held toward all other 
susceptible acylated amino acids. Despite this modest enrichment in 
acylase activity, the concentrates were readily applied to the resolution of 
several amino acids (2-11), and led to the preparation of enantiomorphs 
which possessed an optical purity greater than 99.9 per cent (13).! 

We report in this paper the preparation of a much more active acylase 
from hog kidney by a simplified procedure involving fractionation with 
ammonium sulfate and acetone. When this new acylase preparation was 
tested with a large number of N-acylated amino acids, two new observations 
were made. The first was that the concentrate hydrolyzed all acylated 
amino acids studied at a rate roughly 30 times greater than that observed 
with the crude homogenate, with the exception of acylated aspartic acid. 
This substance was hydrolyzed at a much slower rate than by the crude 
homogenate. This suggested that N-acylated aspartic acid was hydrolyzed 

' Histidine (6), S-benzyleysteine (6), proline (12), and a-aminocaprylic acid (11) 
were resolved as the respective racemic amides by amidase preparations from hog 
kidney. Phenylalanine, tyrosine, and tryptophan were resolved as the respective 
N-chloroacetyl derivatives by a carboxypeptidase preparation from beef pancreas 
(4). Acylase I has recently been used to prepare the enantiomorphs of aminophen- 
ylacetic, aminocyclohexylacetic, and aminocyclohexylpropionic acids in a state of 
high, optical purity (Rudman, D., Meister, A., and Greenstein, J. P., J. Am. Chem. 
Soc., in press). The use of the acylases in the resolution of these unnatural amino 
acids, as in the cases of ethionine and the allostereoisomers of threonine (7) and 
isoleucine (9), yields at once an identification of the L and p enantiomorphs. 
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by an enzyme distinct from that prepared. On fractionation of one of the 
supernatant solutions from the acylase precipitations, a preparation was 
obtained which hydrolyzed the N-acylated aspartic acids at rates some 
3 to 4 times faster than those with the crude homogenate, and which had 
little or no action on N-acylated glutamic acid and other acylated amino 
acids. In order to distinguish the enzymes involved, we have tentatively 
designated the fraction which acts upon all of the acylated amino acids, 
except acylated aspartic acid, as acylase I, and that which acts upon acy- 
lated aspartic acid as acylase IT. 

The second of these observations was that, with very high concentra- 
tions of acylase I and with long periods of incubation, appreciable hydroly- 
sis of certain acylated D-amino acids occurred. The pure acylated p forms 
were hydrolyzed 10,000 to 40,000 times more slowly than the corresponding 
pure acylated L isomers. In the presence of the corresponding free L-amino 
acid, the hydrolysis of the acylated p-amino acids was even slower. This 
finding has therefore no practical bearing on the use of acylase I for the 
preparation of amino acid enantiomorphs whose optical purity is greater 
than 99.9 per cent, as proved by actual test of isolated L and pD isomers 
by the methods described (13). It is, however, of theoretical interest in 
revealing either (a) the lack of absolute optical specificity of the enzyme or 
(b) the presence of a very weak D acylase. 


EXPERIMENTAL 


Substrates—a ,B-Dichloroacetyl-pL-diaminopropionic acid was prepared 
by the interaction of chloroacetyl chloride and a ,8-pL-diaminopropionic 
acid hydrobromide (14) in alkaline solution, as described for the synthesis 
of dichloroacetyllysine (5) and dichloroacetylornithine (8), and was recrys- 
tallized from acetone. The yield was 40 per cent of the theoretical. 

The preparation of N-chloroacetylated amino acids by the interaction 
of chloroacetyl chloride and amino acids in alkaline medium is frequently 
attended by numerous side reactions to such an extent as to render dif- 
ficult in many cases the isolation and crystallization of the chloroacety- 
lated products. We have found this to be particularly true in many 
unsuccessful attempts to prepare chloroacetylmethionine. When, how- 


ever, chloroacetic anhydride (Eastman practical grade) was employed in © 


place of chloroacety! chloride, no difficulty in preparing chloroacet ylmethio- 
nine, or any other chloroacetylated amino acid, was encountered. Our 
procedure was to treat | mole of pi-methionine in | equivalent of chilled 
4. ~ NaOH with 2 moles of chloroacetic anhydride and 2 equivalents of 
4 x NaOH in portions and with strong agitation. The anhydride dis- 
solves rapidly, and reacts readily with the amino acid without the appear- 
ance of any color in the reaction medium. When all of the anhydride 
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was added, the mixture was acidified to pH 1.7 with concentrated HCl, 
and the acidified solution extracted eight to twelve times with ethyl ace- 
tate. The combined extracts were dried over anhydrous sodium sulfate 
and evaporated to dryness. The residual, nearly colorless oil was extracted 
several times with petroleum ether to remove chloroacetic acid and was 
taken up in a large volume of acetone, filtered, and the acetone filtrate 
evaporated to dryness. On rubbing the residual oil with a little cold 
water, it readily crystallized in long needles. The chloroacetyl-pL-methio- 
nine was recrystallized as needles from a little warm water. The yield 
was about 60 per cent of the theoretical. Chloroacetyl-L-methionine was 
prepared in the same way, with a yield of 52 per cent, and with no appar- 
ent effect on the optical properties of the amino acid moiety. Chloro- 
acetyl-L-leucine was also prepared in this manner and its optical rotation 
was — 15.8° for a 2 per cent solution in ethanol, which is somewhat higher 
than the value of —14.5° + 0.2° reported by Fischer and Steingroever 
(15). The use of chloroacetic anhydride in place of chloroacetyl chloride 
in the preparation of dichloroacetyllysine is also recommended as avoiding 
the serious side reactions produced by the latter reagent. All other acy- 
lated pi-amino acids, including acetyl-pt-ethionine, were prepared by 
standard procedures. The chloroacetyl derivatives of racemic a-amino- 
caprylic acid, a-amino-a-cyclohexylacetic acid, a-amino-§-cyclohexylpro- 
pionic acid, and a-amino-y-cyclohexylbutyric acid were donated by Dr. 
Alton Meister. | 

The acylated L-amino acids were prepared by the usual procedures from 
the L-amino acids obtained by resolution of the corresponding acylated 
racemates.? All of the acylated p-amino acids were obtained from the 
resolution mixtures of the corresponding racemates after removal of the 
free L-amino acids. In the cases of chloroacetyl-p-aminobutyric acid, 
acetyl-p-leucine, chloroacetyl-p-leucine, chloroacetyl-p-valine, acetyl-p-iso- 
leucine, acetyl-p-alloisoleucine, carbobenzoxy-p-glutamic acid, chloroacetyl- 
b-phenylalanine, and dichloroacetyl-p-ornithine, the compounds crystal- 
lized readily after bringing the concentrated and deproteinized resolution 

? Recent batches of pi-isoleucine (Merck), when acetylated with acetic anhydride 
in alkali, yielded acetyl derivatives with melting points of 103-106°, and one batch 
gave a melting point of 130°. Earlier batches yielded acetyl derivatives with a 
melting point of 116°, which is that characteristic of pure acetyl-pL-isoleucine (9). 
It appears probable that the later materials are admixed with small and variable 
amounts of alloisoleucine. When these materials were acetylated with an excess of 
acetic anhydride (2.5 moles) in glacial acetic acid, no difficulty was encountered in 
isolating pure acetyl-pt-alloisoleucine as before (9) with a melting point of 168°. 
In view of the uncertainty of obtaining pure isoleucine on the market, the optical 
isomers of isoleucine are most readily obtained by epimerization of the pure isomers 
of alloisoleucine (ef. (9)). 
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mixtures to pH 1.7 with concentrated HCl (cf. (9)). In the other cases, 
i.e. acetyl-p-alanine, chloroacetyl-p-alanine, chloroacetyl-p-norvaline, chlo- 
roacetyl-D-aspartic acid, acetyl-p-methionine, and chloroacetyl-p-methio- 
nine, the acidified (pH 1.7) resolution mixtures were repeatedly extracted 
with ethyl acetate, and, after removal of the solvent, the residual oils 
were brought to crystallization by treatment with acetone and ether in 
the cold. In the case of dichloroacetyl]-p-lysine, the residual oil was taken 
up in water, the aqueous solution shaken with norit for several hours at 
26°, and the clear, filtered solution allowed to evaporate slowly at low 
temperature. The product crystallized in large, flat prisms. The yields 
in nearly all cases were 60 to 80 per cent of the theoretical. The usual 
recrystallization medium was acetone. The enantiomorphic chloroacetyl- 
methionines, chloroacetylphenylalanines, dichloroacetyl-p-ornithine, and 
dichloroacetyl-p-lysine, were recrystallized from water. 

The properties of the acylated optically active amino acids are as follows. 
Acetyl-L-alanine, m.p. 125°, [a], = —66.2° (2 per cent in water), N 10.6; 
acetyl-p-alanine, m.p. 125°, [a], = +66.5°, N 10.6. Chloroacetyl--ala- 
nine, m.p. 93°, [a], = —45.4° (2 per cent in water), N 8.5; chloroacetyl- 
p-alanine, m.p. 93°, [a], = +45.4°, N 8.5. Chloroacetyl-L-aminobutyric 
acid, m.p. 118°, [a], = —31.5° (1 per cent in water), N 7.8; chloroacetyl- 
p-aminobutyric acid, m.p. 118°, [a], = +31.0°, N 7.8. Chloroacetyl-1- 
valine, m.p. 114°, [a], = +15.0° (2 per cent in ethanol), N 7.2; chloroa- 
cetyl-p-valine, m.p. 114°, [aj], = —15.0°,N 7.2. Chloroacetyl-L-norvaline, 
m.p. 104°, [a], = —25.8° (2 per cent in water) = 0 (2 per cent in ethanol), 
N 7.3; chloroacetyl-p-norvaline, m.p. 104°, [a], = +26.0° (2 per cent in 
water) = 0 (2 per cent in ethanol), N 7.2. Acetyl-t-leucine, m.p. 185°, 
a], = —21.3° (2 per cent in ethanol), N 8.1; acetyl-p-leucine, m.p. 185°, 
la], = +21.3°, N 8.0. Chloroacetyl-.-leucine, m.p. 133°, [a], = —15.8° 
(2 per cent in ethanol), N 6.8; chloroacetyl-p-leucine, m.p. 134°, [a], = 
+16.2°,N 6.8. Acetyl-L-isoleucine, m.p. 150°, [a], = +14.9° (2 per cent 
in ethanol), N 8.1; acetyl-p-isoleucine, m.p. 150°, [a], = —14.9°, N 8.1. 
Acetyl-L-alloisoleucine, m.p. 155°, [a], = +21.5° (2 per cent in ethanol), 
N 8.1; acetyl-p-alloisoleucine, m.p. 155°, [a], = —21.5°, N 8.1. Acetyl- 
L-methionine, m.p. 104°, [a], = —20.1° (4 per cent in water), N 7.4; 
acetyl-p-methionine, m.p. 105°, [a], = +20.5°, N 7.4. Chloroacetyl-1- 
methionine, m.p. 98°, [a], = —19.7° (2 per cent in water), N 6.2, Cl 15.8; 
chloroacetyl-p-methionine, m.p. 98°, [a], = +20.0°, N 6.2, C1 15.8. Car- 
bobenzoxy-.L-glutamic acid, m.p. 121°, [a], = —6.8° (4 per cent in glacial 
acetic acid), N 4.9; carbobenzoxy-p-glutamic acid, m.p. 121°, [a], = +7.5°, 
N 49. Chloroacetyl-L-phenylalanine, m.p. 125°, [a], = +50.4° (2 per 
cent in ethanol), N 5.7; chloroacetyl-p-phenylalanine, m.p. 125°, [a], = 
—50.8°, N 5.7. Chloroacetyl-.-tyrosine, m.p. 155°, [a], = +59.0° (2 per 
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cent in ethanol), N 5.2; chloroacetyl-p-tyrosine, m.p. 155°, [a], = —59.0°, 
1 N 5.2. Chloroacetyl-L-tryptophan, m.p. 159°, [a], = +32.0° (2 per cent 


“6 in ethanol), N 9.9; chloroacetyl-p-tryptophan, m.p. 158°, [a], = —31.8°, 
ted N 9.9. <Acetyl-t-proline, m.p. 118°, [a], = —115° (2 per cent in water), 
oils N 8.9. Chloroacetyl-t-proline, m.p. 112°, [a], = —114° (2 per cent in 
, water), N 7.3, Cl 18.5. Dichloroacetyl-p-lysine, m.p. 93°, [a], = —10.0° 
tes (2 per cent in ethanol), N 9.3. Dichloroacetyl-p-ornithine, m.p. 112°, 
la], = —15.1° (2 per cent in ethanol), N 9.8. Chloroacetyl-.-aspartic 
Ye acid, m.p. 144°, [a], = +4.0° (5 per cent in water), N 6.6; chloroacetyl- 
‘lds p-aspartic acid, m.p. 144°, [a], = —4.0°, N 6.6. Calculated N and Cl 
ae” values are given in Table I. 


byt The properties of the racemic compounds studied are listed in Table I.' 
Preparation of Acylase I—2.5 kilos of fresh frozen hog kidneys were 
thawed, defatted, and homogenized in a Waring blendor with 2 volumes 

of ice water. The homogenate was strained through cheese-cloth and 


ey centrifuged at 2500 r.p.m. for 20 minutes to remove cellular débris. The 
| tivity of this preparation tested against acetyl-pi-methionine (1 cc. of 


tyl- enzyme solution, 1 cc. of phosphate buffer at pH 7.0, and 1 cc. of 0.05 m 

neutralized substrate) was 800 um hydrolyzed per hour per mg. of N. The 
~ total activity was 1.8 moles per hour. The preparation was chilled to 0° 
¥* | in a cold bath and brought to pH 4.7 by the careful addition of 2 x HCI. 
The resulting thick suspension was immediately centrifuged at 0° and 
eal 4000 r.p.m. for 20 minutes in the refrigerated centrifuge. The sediment 
iné, was discarded and the clear red supernatant quickly adjusted to pH 6.5 


.~ by addition of 2.x NaOH. The activity at this stage was 2300 um of 
359 substrate hydrolyzed per hour per mg. of N; the total activity was 1.5 


-o | moles per hour. The supernatant was treated with 266 gm. of solid 
’ | ammonium sulfate per liter of solution, whereupon the pH decreased to 


od 6.0 to 6.2. The resulting precipitate which contained most of the activity 
a was separated either in the Sharples supercentrifuge or in the International 
81 refrigerated centrifuge. When the latter instrument was used, the sus- 
ol), pension was allowed to settle overnight at 5°, and as much of the superna- 
, 1. tant solution as possible siphoned off the following morning prior to centri- 
f 1: fuging. The clear red supernatant was set aside for the preparation of 
Ly. *ylase I. The sediment was suspended in about 40 ce. of ice water and 
= 8: dialyzed against running tap water until completely free of ammonium 
“ sulfate. The contents of the dialysis sack were centrifuged to remove 
cial inactive protein which separated during the dialysis. The activity value 


5°, * The chloroacet yl-t-tryptophan prepared by Abderhalden and Kempe (16) from 
per tryptophan isolated from casein was reported to have a melting point of 159° and 

la], in ethanol of —32.9°. The sign of rotation reported by the latter authors must 
have been misprinted. 


per 
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of the clear, almost black supernatant fluid was 12,200; total activity was 
1.1. This solution was adjusted to pH 5.9 to 6.0 with dilute acetic acid 
and treated with 0.4 volume of chilled acetone in a cold bath at — 10° to 
—15°. The precipitate was separated at —8° in the refrigerated centrifuge 
and discarded. The clear, straw-colored supernatant solution was chilled 
again in the cold bath, and treated with an additional 0.6 volume of chilled 
acetone (based on the original volume). The precipitate was centrifuged 
at —8°, taken up in cold distilled water, and centrifuged again. The 
light pink-colored supernatant was quickly frozen and lyophilized. The 


Taste 
N-Acylated Racemic Amino Acids Tested with Acylase I 


Molec- 
N calcu- 
Compound lated N found "crude 


Acetylalanine..................... 131.1 10.7 | 10.7, 136 | 128 3,200 
Chioroacetyialanine. . 165.6 8.5 8.5 126 440 11,600 
Chioroacet ylaminobutyrie acid. ... 179.6 7.8 7.8 128 | 975 33,600 
Acetylvaline............... 1490.2 88 88 MS | 55 OD 
Chloroacetylnorvaline 193.7 7.2 7.2 We 1200 40,500 
Acetylleucine. 173.2 8.1 8.1 159 166 400 
Chloroacet ylleucine 207.7 6.7 6.7 16,500 
Acetylnorleucine.. 173.2 8.1 7.9 105 260 14,400 
207.7 67 67 16 830 
Acetylisoleucine 8.1); 12 | 3% 
Acet ylalloisoleucine 173.2 8.1 8.1 168 10 250 
Chloroacet ylaminohept ylic acid... 221.7 6.3 6.3 106 730 28,200 
Chloroacet ylserine. 1.6 7.7 7.5) 1B 455 11,600 
Chloroacetylthreonine._ . ..| 195.6) 7.2 | 7.2) 124 38 720 
Chloroacetylallothreonine.. 195.6 7.2 7.2; @1 210 2,580 
Dichloroacetyldiaminopropionic | 

Dichloroacetylornithine.. 285.2. 9. BE | 9.8 14 
Dichloroacet yllysine | 200.2; 9.46 9.4) 183 6 140 
N-Acetyl-S-benzyleysteine 6253.3 «5.5 5.5 57 3 100 
AcetyImethionine 191.2) 7.3 7.3 12 615 «24,200 
Chloroacet vlmet hicnine.. 225.7 6.2) 6.2 92 2000 100,000 
Acet ylethionine 25.2 68 68 1 560 15,400 
Acetylaspartic acid... 175.1 8.0 | 7.9 180) I 5 
Chioroacetylaspartic acid. (209.6 6.7 66 32 4 
Acetylglutamie acid | 199.2) 7.4 | 7.4) 185 130 | 3,080 
Chloroacet viglutamic acid. 23.6 63 63 123 480 12,700 
Carbobenzoxyvglutamice acid 21.30 «456.0 5.0 117 0.8 
Acet viphenyvlalanine 27.2 6.8 6.8 146 2 138 
Chloroacet viphenylalanine 241.7 5.8 5.7 130 30 160 
Chloroacet vyrosine 257.7 «05.4 5.4 158 10 330) 


© © @ 48200082 0> 
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I—Concluded 


Molec: found aio, Rate® with 
Compound | | oom M.p. acylase 
| per cont 
.| 1857.2 8.9 8.9 1060 0.7 
191.6 7.3 <0.5 6 
Chloroacet ylaminocaprylic acid... 235.5 5.9 5.9 9% 276 | 7,700 
257.5 5.4 54 157 0 
Chloroacet ylaminocyclohexyl- | | | | | 
propionic acid... 57 | M2 18 350 
Chloroacety laminocyelohexyl- | 
butyric acid... | 261.5) 5.4 16 132 
Chloroacetylaminocyclohexylacetie | | 
Chloroacet ylaminopheny acetic 
acid 27.5 6.1 6.1) 127 «170 4,500 
Chloroacetylalycinett 151.5 9.2 92 10 54 2,640 
Acetylhistidine-HO. . 19.5) 5S 150 


* In terme of micromoles of substrate hydrolyzed at 38° per hour per me. of N. 
Digests composed of 1 cc. of enzyme solution, | ce. of phosphate buffer at pH 7.0, 
and | ec. of neutralized 0.05 mu racemic substrate. 

t Cl ealeulated 27.6; found 27.4. 

t Cl calculated 24.9; found 24.9. 

§ Cl calculated 23.7; found 23.7. 

| Cl ealeulated 15.8; found 15.8. 

€ Cl calculated 18.5; found 18.5. 

** Configuration (normal or allo) unknown. 

tt Non-racemic; hence used at 0.025 « concentration. 


activity value was 29,000; total activity was 0.9, or close to one-half the 
original activity of the crude homogenate. The weight of the dried prepa- 
ration was generally about 2 gm., N content 16.0 per cent. 

This acylase I preparation is readily reproducible and is stable in the 
dry state. A sample of the dried enzyme was placed in a tightly stoppered 
test-tube and warmed for 48 hours at 37°. Its activity against acetyl- 
DL-methionine was substantially unchanged. In 0.1 m phosphate buffer 
at pH 7.0, the activity was unaffected after heating for 1 hour at 60°. 
It is very rapidly inactivated in solutions with pH values below 5. 

Some p-amino acid oxidase activity is present in the acylase I prepara- 
tion. When shaken with air in the Warburg apparatus, the preparation 
oxidizes p-methionine at a rate of about 4 um per hour per mg. of N. In 


‘The rate of oxidation of p-methionine by the purified hog kidney p-amino acid 


ith 
) 
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stoppered vessels, and in the absence of shaking (as in the enzymatic 
resolution experiments), this rate is considerably reduced, although still 
appreciable, as revealed by ammonia determinations. 

The pH optimum for the hydrolysis of chloroacetylalanine, acetylmethio- 
nine, and dichloroacetyllysine is about 7.2; for the hydrolysis of acylated 
derivatives of glutamic acid it is about 6.5 (10). 

The initial rates of hydrolysis of a large number of N-acylated pL-amino 
acids were determined for the crude homogenate of hog kidney and for 
acylase I by the ninhydrin manometric method. The data are given in 
Table I. With the exception of the aspartic acid derivatives, there was a 
considerable concentration of acylase activity in the enzyme preparation 
toward all of the substrates tested. The increase in activity was roughly 
30-fold. The fact that the aspartic acid derivatives were hydrolyzed less 
rapidly by the acylase I preparations than by the crude homogenate sug- 
gested that another enzyme system was involved in their hydrolysis 
(acylase II). 

Preparation of Acylase II (Aspartic Acid Acylase)—Most of the activity 
against the N-acylated aspartic acids remained in the supernatant fluid 
after the initial treatment with solid ammonium sulfate. The active 
acylase II fraction could be quantitatively precipitated from this superna- 
tant by the further addition of 150 gm. of solid ammonium sulfate per 
liter. The resulting precipitate was centrifuged in the Sharples centrifuge, 
the supernatant solution was discarded, and the sediment was dissolved 
in water and dialyzed free of salt. The dialyzed solution was then frozen 
and lyophilized, yielding about 14 gm. of a fluffy, easily soluble prepara- 
tion which possessed an activity against chloroacetyl-pL-aspartic acid some 
4 times greater than the crude homogenate, and which possessed only 
minimal activity against chloroacetyl-pL-glutamic acid and other acylated 
amino acids. The pH optimum for the hydrolysis of chloroacetyl-p1- 
aspartic acid by acylase I is about 8.5. The activity data at pH 7.0, 
where the susceptibility of chloroacetyl-pL-aspartic acid is about 70 per 
cent of that at 8.5, are represented in Table II. 

Initial Hydrolysis Rates of Acylated L- and pt-Amino Acids—The initial 
rates of hydrolysis of several acylated L-amino acids by acylase I are as 
follows (in terms of micromoles hydrolyzed per hour per mg. of N ; digests 
as in Table I, except that substrate concentrations were 0.025 m): acetyl- 
alanine 2740, chloroacetylalanine 14,800, chloroacetylaminobutyric acid 
26,000, chloroacetylvaline 4300, chloroacet ylnorvaline 37,000, acetylleucine 
5800, chloroacetylleucine 22,500, acetylisoleucine 340, acetylalloisoleucine 
148, acetylmethionine 30,000, chloroacetylmethionine 88,000, carbo- 
oxidase employed in these studies was about 15 um per hour per mg. of N. The 
oxidase was prepared essentially by the method of Bender and Krebs (17). 
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benzoxyglutamic acid 20, chloroacetylphenylalanine 500, acetylproline 
<0.5, and chloroacetylproline 5. Incubation periods were 5 to 30 minutes 
at 38°. Comparison with the rates for the corresponding racemic acylated 
amino acids given in Table I shows that the two sets of data are of the same 
order of magnitude. The initial rate of hydrolysis of chloroacetyl-t- 
aspartic acid by acylase II is 140. The presence of the acylated p-amino 
acid component of the racemate has, therefore, little or no effect on the 
rate of hydrolysis of the susceptible acylated L-amino acid component. 

Comparison of Kidney Acylase and Pancreas Carborypeptidase—The rates 
of hydrolysis by crystalline carboxypeptidase for several substrates were 
determined under the same conditions as those described in Table I. The 
values were as follows: chloroacetyl-pL-phenylalanine 2750, chloroacetyl- 


Taste Il 
Acylase II Activity 


The values are measured in terms of micromoles of substrate hydrolyzed at 38° 
per hour per mg. of N. Digests as in Table I. 


Rate of hydrolysis with 
Compound 
Aspartic 
Homogenate acylase 

Chloroacetyl-pL-aspartic acid... 32 142 
Chioroacet yl-pi-glutamie acid... 480 6 
615 9 
Chloroacetyl-pi-alanine..................... | 440 5 
Chloroacetyl-pi-leucine........................ 630 7 
455 3 


chloroacet yl-pL-aminophenylacetic acid 3, and chloroacetyl-pL-aminocyclo- 
hexylacetic acid 8. With the exception of chloroacetylphenylalanine, the 
rates of these amino acid derivatives are quite low. 

Kidney acylase also hydrolyzes chloroacetylphenylalanine at close to the 
same rate as that of chloroacetylaminocyclohexylpropionic acid. Further- 
more, the kidney acylase readily hydrolyzes chloroacetylaminophenylacetic 
acid at close to the same rate as that of chloroacetylaminocyclohexylacetic 
acid. It would appear that not only does the kidney acylase act upon a 
broader range of substrates, but, in marked contrast with pancreas car- 
boxypeptidase, it does not apparently distinguish between aliphatic and 
aromatic substituents. 

The ratio of the rate of hydrolysis of chloroacetylphenylalanine to 
acetylphenylalanine by kidney acylase is 3 to 4:1 (Table 1). The cor- 
responding ratio with pancreas carboxypeptidase is about 150:1 (4). 
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There is a slow but definite hydrolysis of chloroacetyl-p-phenylalanine 
and chloroacetyl-p-tyrosine by kidney acylase I preparations. The same 
compounds tested with a large amount of crystalline carboxypeptidase 
were completely inert. 

Maximal Hydrolysis of Acylated pt-Amino Acids—From the values of 
the initial rates of hydrolysis given in Table I, sufficient acylase I or acylase 
II was added to 0.05 to 0.10 m solutions at pH 7.0 of all of the acylated 
pL-amino acids listed in Table I to hydrolyze the L component in 1 hour 
at 38°. Manometric ninhydrin measurements at the end of this period 
revealed close to 50 per cent hydrolysis of the racemate. All digests were 
allowed to stand for 16 to 20 hours longer at 38°, at the end of which time 
the hydrolysis determinations, within the experimental error of 1 per cent, 
demonstrated a maximum of 50 per cent hydrolysis of the racemate. 
Treatment of the digests with p-amino acid oxidase revealed the absence 
of p-amino acids. This procedure is therefore recommended for the reso- 
lution of the racemic amino acids with acylases I and IT. 

The effect of large amounts of acylase I was studied with the very sus- 
ceptible chloroacetyl-pL-methionine. 500 yum of the neutralized substrate 
in 4 cc. of phosphate buffer at pH 7.1 were treated with 1 cc. of an aqueous 
solution of 2 mg. of acylase I. This amount of enzyme is about 100 times 
that used above, or approximately that needed to hydrolyze the L compo- 
nent in 36 seconds. After 3 hours of incubation at 38°, the hydrolysis of 
the racemate was 55 per cent, after 16 hours 62 per cent, after 23 hours 
66 per cent, after 39 hours 70 per cent, and after 72 hours 80 per cent. 
It was apparent that with very large amounts of enzyme there was appre- 
ciable hydrolysis of the acylated p component of the racemate. 

In view of these observations, the hydrolysis of the very susceptible 
acetyl-pL-methionine, chloroacetyl-pL-alanine, chloroacetyl-pL-norvaline, 
and chloroacetyl-pt-leucine was determined in the presence of a large 
amount of acylase I and over a relatively long incubation period. The 
digests consisted of 300 um of the neutralized substrate in 3 cc. of 0.1 m 
phosphate buffer at pH 7.0 containing an amount of acylase equivalent 
to 1 mg. of N. The mixtures were allowed to incubate for 42 hours at 
37°. The amount of enzyme was approximately that needed to hydrolyze 
the L component of the substrates in | minute. At the end of the digestion 
period the total amino acids liberated were determined by manometric 
ninhydrin measurements, and the p-amino acids were determined on pre- 
viously heated aliquots by added p-amino acid oxidase preparations. In 
every case, the ninhydrin measurements revealed more than 50 per cent 
hydrolysis of the racemates, and the difference between 50 per cent and 
that found could be accounted for in terms of p-amino acid by the p-amino 
acid oxidase. A summary of the data is given in Table III. 
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The amounts of p-amino acid liberated varied from one substrate to 
the other. In view of the presence of the free L-amino acid and equivalent 
amounts of the acyl acid in these mixtures, it was difficult to estimate 
the rate at which the p-amino acids may be formed. It was therefore 
considered necessary to prepare several pure acylated p-amino acids and 
subject them to the action of the acylase. 

Effect of Acylase I on Acylated p-Amino Acids—The rates of hydrolysis 
of the acylated p-amino acids were determined as described for the cor- 
responding L enantiomorphs. Appreciable initial hydrolysis rates during 
incubation periods of 1 to 3 hours at 38°, and in the presence of 1 mg. of 
protein N per cc. of enzyme solution, were noted only with chloroacetyl- 
p-methionine, t.e. 10, acetyl-p-methionine, 3, chloroacetyl-p-norvaline, 1, 
chloroacety]-p-alanine, 0.5, and chloroacetyl-p-leucine, 0.5. Slight but defi- 


III 
Effect of Excess Acylase I on Certain Acylated vi-~Amino Acids 

| 

| 213 | 63 

154 | 4 

160 | 10 


* 300 um in digest containing 1 mg. of acylase I nitrogen. Incubation period 42 
hours at 38°. 
nite hydrolysis (designated by a value of <0.5) was shown by chloroacetyl- 
p-phenylalanine and chloroacetyl-p-tyrosine. No trace of susceptibility 
was demonstrated by acetyl-p-alanine, chloroacetyl-p-aminobutyric acid, 
chloroacetyl-p-valine, acetyl-p-leucine, acetyl-p-isoleucine, acetyl-p-alloiso- 
leucine, dichloroacetyl-p-ornithine, dichloroacetyl-p-lysine, carbobenzoxy- 
p-glutamic acid, and chloroacetyl-p-tryptophan. The p-amino acids sub- 
sequently isolated from these compounds contained less than 0.1 per cent 
of the L enantiomorph, thus ruling out the presence of the acylated L isomer 
asa contaminant. The rates of the susceptible compounds may be some- 
what low, due to the small residual p-amino acid oxidase activity in the 
acylase I preparations. By measurement of the ammonia produced in 
these stoppered digests, a maximum of about 5 per cent of the p-amino 
acid may be oxidized under the conditions of the experiment. Neverthe- 
less, the relative ratio of the hydrolysis rates of comparable acylated L- 
amino acids and acylated p-amino acids appears to be about 10,000 to 
40,000: 1. 

Examination of the rates of the pure acylated p-amino acids and of 
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the acylated p components of acylated pL-amino acids suggests that in 
general the rates of the former are distinctly greater than those of the 
latter. For example, in the case, cited above, of chloroacetyl-pt-methio- 
nine treated with enough acylase I to hydrolyze the L component in 36 
seconds, it would have been expected from the rate of hydrolysis of pure 
chloroacetyl-p-methionine that the Dp component would have been com- 
pletely hydrolyzed in about 25 hours. It seemed not unlikely that the 
presence of the L-amino acid, and possibly of the acyl acid, in the hydroly- 
sates of the acylated pL-amino acids resulted in some inhibition of the 
hydrolysis of the acylated p component. An experiment designed to test 
this possibility was set up as follows. Digests were prepared of 1 cc. of 
acylase I solution equivalent to 1 mg. of N, 1 ce. of 0.1 m phosphate buffer 
at pH 7.0, and 1 ce. of neutralized substrate solution. The substrate 
solutions were four in number, composed of (a) acetyl-p-methionine, (b) 
acetyl-pt-methionine, (c) acetyl-p-methionine and L-methionine, and (d) 
acetyl-p-methionine and sodium acetate. The incubation period was 24 
hours at 38°, at the end of which period the digests were heated, cooled, 
and incubated again at 38° with p-amino acid oxidase. The data are 
given in Table IV. The rate of appearance of p-methionine from acetyl- 
p-methionine in the presence of L-methionine is the same as that from the 
Dp component of acetyl-pL-methionine, and both are about one-fourth that 
from pure acetyl-p-methionine alone. The L-amino acid evidently exerts 
a strong inhibition of the hydrolysis of the acylated p-amino acid. Acetate 
appears to have only a relatively slight inhibitory effect. 

Finally, it appeared desirable to supplement these observations by 
actually isolating p-methionine from a digest of acetyl-p-methionine with 
acylase I and determining its optical characteristics. 1.6 gm. of acetyl- 
p-methionine were neutralized with NaOH and incubated for 24 hours at 
38° with 1.5 gm. of acylase I. After acidification with acetic acid to pH 
5 and deproteinization, p-methionine with [a], = —23.5° (2 per cent in 
2 n HCl) was isolated in about 50 per cent yield. 

The problem of whether the acylated L- and p-amino acids are hydrolyzed 
by the same or different enzymes is at present under investigation. Acyl- 
ase IT has no effect on chloroacetyl-p-aspartic acid. 


Employment of Acylases I and II for Resolution of Amino Acids—The © 


lack of absolute optical specificity of the acylase preparations made it 
advisable to reexamine several amino acids resolved by these preparations 
for their optical purity. The starting materials used with acylase I were 
acetyl-pL-alanine, chloroacetyl-pL-aminobutyric acid, acetyl-pi-valine, 
chloroacetyl-pL-norvaline, acetyl-pL-leucine, acetyl-(L-isoleucine p-al- 
loisoleucine), acetyl-pL-alloisoleucine, chloroacetyl-pL-serine, chloroacetyl- 
pL-threonine, chloroacetyl-pt-allothreonine, acetyl-pt-methionine, ace- 
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tyl-pt-ethionine, chloroacetyl-pt-methionine, 
dichloroacetyl-pL-ornithine, chloroacetyl-pL-phenylalanine, and carbobenz- 
oxy-DL-glutamic acid. Acylase II was employed with chloroacetyl-pL- 
aspartic acid. Care was taken to assure the complete absence of free 
amino acid in these acylated preparations. Each preparation was sus- 
pended in water, neutralized with ammonia in the case of the acetylated 
compounds or with 2 n lithium hydroxide in the case of the chloroacetyl- 
ated compounds, and the solution brought to 0.10 m concentration and ad- 
justed to pH 7.5. Enough dried acylase I or acylase II was added to the 
appropriate preparations to hydrolyze the L component in 1 hour, and the 
mixtures, with two exceptions, were then allowed to stand at 38° for 16 
to 20 hours. The exceptions were the digests of chloroacetyl-pL-norvaline 
and of chloroacetyl-pt-methionine, which stood for no more than 6 hours. 


Taste IV 
Inhibition of Hydrolysis of Acetyl-p-methionine by Lt-Methionine 


Compound p-Methionine liberated 
Acetyl-p-methionine* + | 23 
* 150 micromoles. 
300 micromoles. 


In every case manometric ninhydrin measurements revealed a maximum 
of 50 per cent hydrolysis of the racemate. Addition of p-amino acid 
oxidase preparations to samples of the digests revealed the complete ab- 
sence of p-amino acids. The subsequent preparation of the enantiomorphs 
was identical with the general procedure described (2-12). For the prepa- 
ration of the p isomers the procedure was modified as follows: (a) In the 
case of valine, leucine, alloisoleucine, and phenylalanine, the acylated p- 
amino acids were isolated by crystallization from the acidified medium, 
thus saving the extraction step with ethyl acetate (cf. (9)), and (b) after 
the acylated p-amino acid was hydrolyzed with dilute HCI and the mixture 
evaporated to dryness, the residual p-amino acid hydrochloride plus acyl 


) acid was taken up in a little water and brought in each case to the iso- 


electric point of the amino acid with aniline. The lysine enantiomorphs 
were isolated from the respective HCl hydrolysates of the chloroacetyl 
derivatives as the crystalline monohydrochlorides through the use of ani- 
line and excess ethanol. The ornithine enantiomorphs were crystallized 
as the dihydrochlorides from absolute methanol. 
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In every case, the use of the more active acylases now on hand was a 
distinct advantage, inasmuch as considerably less protein was introduced 
into the resolution mixtures. Thus, in the previous resolution of lysine 
(5), it was necessary to recrystallize the resulting «-chloroacetyl-L-lysine 
several times in order to remove adherent protein. This resulted in con- 
siderable loss in yield. With the much smaller amount of acylase I now 
employed for this purpose, protein-free ¢-chloroacetyl-L-lysine could be 
obtained in 80 per cent yield in the course of a single crystallization; [a], 
at 24° for 2 per cent solutions of several preparations in 5 Nn HCl varied 
from +19.5° to +19.8°. The previously reported value of +23.1° was 
in error (5). The active acylase I could also be applied to the resolution 
of phenylalanine, hitherto resolvable practically by the present procedure 
only with pancreatic carboxypeptidase (4). The yields of the enantio- 
morphs in general were similar to those reported before; namely, 60 to 
80 per cent for the L forms and 40 to 60 per cent for the p forms. 

For the enantiomorphs of the amino acids so resolved, [a], at 25° are 
as follows: L-alanine +14.4°, p-alanine —14.3° (4 per cent in 5 x HC); 
L-aminobutyric acid +20.6°, p-aminobutyric acid —20.7° (2 per cent in 
5 n HCl); t-valine +27.4°, p-valine —27.5° (2 per cent in 5 n HC); L- 
norvaline +24.9°, p-norvaline —25.0° (2 per cent in 5 n HCl); L-leucine 
+16.0°, p-leucine —16.0° (4 per cent in 5 n HCl); L-isoleucine +40.8°, 
L-alloisoleucine +40.5°, p-alloisoleucine —40.4° (1 per cent in 5 n HC); 
L-serine +15.1°, p-serine —15.0° (2 per cent in 5 n HCl); L-threonine 
—28.5°, p-threonine +28.5° (2 per cent in H,O); t-allothreonine +9.8°, 
p-allothreonine —9.8° (4 per cent in H,O); Lt-methionine +22.8°, +23.1°, 
+23.2°, +23.4°, p-methionine —22.7°, —23.0°, —23.2°, —23.5° (2 per 
cent in 2 N HCl); L-ethionine +23.7°, p-ethionine —23.5° (2 per cent in 
2 n HCl); u-lysine monohydrochloride +20.8°, +20.8°, +21.0°, p-lysine 
monohydrochloride —20.7°, —20.8°, —21.0° (3 per cent in 5 n HC); 


L-ornithine dihydrochloride + 16.5°, p-ornithine dihydrochloride —16.5° | 


(4 per cent in H,Q); L-phenylalanine —34.5°, p-phenylalanine +34.8° (2 
per cent in water); L-glutamic acid +31.8°, p-glutamic acid —32.0° (2 per 
cent in 5 x HCl); L-aspartic acid +25.4°, p-aspartic acid —25.0° (2 per 
cent in 5. HCl). The nitrogen values were all close to the theoretical. 
The [a], values for the lysine and methionine enantiomorphs are higher 
than those previously reported. The recent work of Spies (18) has shown 
that the maximal rotation for the methionine enantiomorphs is reached 
when the molar ratio of HCI to amino acid is 5. Under these conditions 
he found values for [fa], of +22.3° and —23.0°. The measurements in 
0.2 x HCl previously reported by ourselves as well as by others have 
yielded values which were evidently not maximal (about 21.5 as an aver- 
age). Our present values for the methionine enantiomorphs are therefore 
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in agreement with those of Spies, and with that of +23.4° for L-methionine 
in excess HCl reported several years ago by Duschinsky and Jeannerat 
(19). The optical characteristics of the ethionine enantiomorphs, not pre- 
viously reported, are nearly identical with those of methionine. 

The optical purity of the susceptible amino acid enantiomorphs so 
obtained was tested by the enzymatic methods described (13). All of 
them possessed an optical purity greater than 99.9 per cent. L-Alanine 
and t-serine, which could be studied at higher concentrations, possessed 
an optical purity greater than 99.99 per cent (13). 

t-Allothreonine, L- and p-citrulline (cf. (8)), and L- and p-aminobu- 
tyric acid, which were not listed in the earlier report (13), were tested 
with p-amino acid oxidase and rattlesnake venom in the manner de- 
scribed, and were found to be more than 99.9 per cent optically pure. 
p-Lysine monohydrochloride was tested with 20 mg. per vessel of Bacillus 
cadaveris (No. 6578) decarboxylase (20) at pH 4.9, and found to be more 
than 99.9 per cent optically pure.’ p-Ornithine dihydrochloride was simi- 
larly tested with Clostridium seplicum P-III decarboxylase in the presence 
of added pyridoxal phosphate, and found to be equally pure. 


We are indebted to Dr. Alton Meister for advice and assistance in the 
purity determinations. We thank Mr. Robert A. Koegel for the nitrogen 
and chlorine analyses. 


SUMMARY 


An active acylase was prepared by fractionation of hog kidney homoge- 
nates with ammonium sulfate and acetone, which readily hydrolyzed a 
large number of N-acylated amino acids. The yield of the enzyme was 
50 per cent of the activity of the homogenate and represented approximately 
a 30-fold concentration in activity. N-Acylated aspartic acid, however, 
was little affected by this enzyme preparation, but was readily hydrolyzed 
by another fraction of hog kidney homogenate. This fraction in turn 
had little or no effect on acylated glutamic acid and other acylated amino 
acids. ‘To distinguish these two activities, the former fraction was desig- 
nated acylase I, and the latter acylase II. A small, residual p-amino 
acid oxidase activity remains in the acylase I preparations. 

The initial rates of hydrolysis of corresponding acylated pL-amino acids 


and acylated L-amino acids were very nearly the same; i.e., the presence 


of the acylated p form has little or no effect on the rate of hydrolysis of 
the susceptible acylated L form in the racemate. 


* This enzyme requires the presence of the free «amino group, for neither echlo- 
roacet yl-.-lysine nor ehydroxy-a-amino-n-caproic acid was decarboxylated. L-Or- 
nithine was also completely inert. 
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With moderate amounts of acylase I or II, the hydrolysis of neutralized 
N-acylated racemic amino acids reached a maximum of 50 per cent. 
Addition of p-amino acid oxidase revealed no p-amino acids in the digests, 
and the isolated L- and p-amino acid enantiomorphs possessed an optical 
purity greater than 99.9 per cent. These enzyme preparations are there- 
fore suitable for the general resolution of amino acid enantiomorphs of 
high optical purity. 

With a very large excess of acylase I over a long period of incubation, 
the hydrolysis of several acylated racemic amino acids exceeded 50 per 
cent, and the addition of p-amino acid oxidase in the digests revealed the 
presence of p-amino acids. Several pure acylated p-amino acids were 
prepared. Some of these were completely resistant to acylase I, while 
others were found to be hydrolyzed at rates about 10,000 to 40,000 times 
slower than those of the corresponding pure acylated L-amino acids. In 
the presence of the corresponding free L-amino acid, the rate of hydrolysis 
of the acylated p-amino acid was even slower because of the inhibition 
produced. Complete hydrolysis of acetyl-p-methionine by a large amount 
of acylase I yielded optically pure p-methionine. 

The preparation and properties of several acylated racemic and optically 
active amino acids and the optical characteristics of the ethionine enantio- 
morphs, not hitherto reported, are described. 
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EFFECT OF pH UPON THE REACTION KINETICS OF THE 
ENZYME-SUBSTRATE COMPOUNDS OF CATALASE* 


By BRITTON CHANCE 


(From the Johnson Research Foundation, University of Pennsylvania, Philadelphia, 
Pennsylvania) 


(Received for publication, June 1, 1951) 


The existence of acid-linked groups in hemoproteins may be observed 
by studies of the effect of pH upon the nature of the enzyme and its com- 
pounds or upon the speed with which the enzyme compounds are formed. 
Since the activity of enzymatically active hemoproteins depends upon 
compound formation with the substrate, the effect of pH upon the over- 
all activity may also demonstrate heme linkages. Both of these ap- 
proaches have been used by Theorell and Agner (1, 2) in their studies of 
catalase and have resulted in their postulation of a heme-linked hydroxy] 
group of pK 3.8 bound to catalase hematin, although they were unable 
to show a direct effect of this heme linkage upon catalase activity. In this 
paper new and rapid methods have been used for measuring the effect of 
pH upon catalase activity, not only in the decomposition of hydrogen 
peroxide but also in the oxidation of alcohol, formic acid, and nitrous acid. 
Studies have also been made of the effect of pH upon the kinetics of the 
catalase-peroxide compounds: their speed of formation, their speed of 
transition from one type to the other, and their speed of “spontaneous” 
decomposition into the free enzyme. It is found that all of these reactions 
are pH-insensitive in the range 5 to 9. Below pH 5 both the transition 
and the “spontaneous” decomposition reactions are accelerated, the latter 
in direct proportion to the hydrogen ion concentration, suggestive of a 
kinetically operative heme linkage. Below pH 4 the activity towards 
hydrogen peroxide diminishes, but not rapidly enough to correspond to 
pK 3.8 for Agner and Theorell’s heme-linked hydroxyl group (2). In the 
alkaline region this over-all activity falls off below pH 9, owing possibly 
to a new heme linkage in catalase. The reaction of catalase hydrogen 
peroxide with alcohols exhibits remarkable pH stability; negligible change 
is measured from pH 4.3 to 12.0. It is shown here that this complex re- 
acts only with the undissociated molecules of nitrous and formic acids. 

Methods—The velocity constant for the reaction of catalase with hy- 
drogen peroxide may be measured indirectly by a study of the effect of 

* This work was supported in part by a research grant from the Division of Re- 
search Grants and Fellowships of the National Institutes of Health, United States 
Public Health Service. 


471 


ized 

nt. 

ical 

per 
the 
vere 

‘hile 

mes 

In 

ysis 

tion 
rally 
itio- 
49). 
49). 
949). 
950). 
050). 

188, 

Bio- 

m.. 

|| 


472 EFFECTS OF PH ON CATALASE KINETICS 


pH upon the over-all activity, 


+ 0, () 


or by direct measurements of the rate of combination of catalase with 
hydrogen peroxide, 


Cat + H,O; — Cat-H,0, (2) 


by means of rapid spectrophotometric techniques (3). In the latter case 
the slower reaction can be measured more accurately. 


Cat + 4CH,OOH — Cat(CH,OOH), (3) 


Two methods are used for Equation 1, a polarographic technique based 
upon the platinum anode (4) and a spectrophotometric technique (5, 6) 
based upon the hydrogen peroxide band at 230 my (Ae = 0.0067 em. 
< man; Reiche (7)). Classical titrimetric methods are so slow that ex- 
cessive enzyme inactivation occurs. In acid solutions, dilute phosphoric 
acid (~1 mM) is used to avoid catalase inhibition (2). Catalase activity 
is computed, ky’ = (1/xee)(dx/dt), where x is the hydrogen peroxide con- 
centration at any time, 2» its initial concentration, and e¢ the catalase 
concentration (in moles per liter) (4). The catalase and methyl hydrogen 
peroxide preparations are similar to those used in previous papers (4). 

Effect of pH upon Over-All Activity—Fig. 1 shows that the activity of 
catalase is constant to within the experimental error from pH 4 to 8.5 
and falls off along a curve of roughly pH 3 in acid solutions. This seg- 
ment of the curve differs from that obtained by Agner and Theorell (2), 
who found the activity decreased at pH 5.8 and fell to 70 per cent at pH 
4.0. This discrepancy is attributed to their slower methods of measuring 
catalase activity, which permitted appreciable amounts of the inactive 
secondary catalase peroxide complex to accumulate before the activity 


was measured (8). And this effect may still be responsible for the loss of | 


activity below pH 4.0 shown in Fig. 1 (see Fig. 5). The significant fea- 
ture of Fig. 1 is that no decrease of activity along the curve of pK 3.8 cor- 
responding to the heme-linked hydroxyl group (2) is observed. 


A sharp decrease of activity occurs in alkaline solutions and is attrib- — 
uted to a catalase heme linkage, possibly analogous to that in peroxidase — 


(9). The effect is not caused by the dissociation of hydrogen peroxide’ 
(pK 11.8; Kargin (10)) which would not affect the measured activity be- 
cause the latter is independent of the initial peroxide concentration (4). 
A remarkable effect observed below pH 10 is a change in the order of the 


catalase reaction; the reaction kinetics approximate zero order and sug- 


gest that a new rate-limiting step is involved. 


! The dissociation of hydrogen peroxide causes a considerable increase in its mo- 
lecular extinction coefficient. 


mo- 
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Kinetics of Catalase-Hydrogen Peroxide Complex in Alkaline Solutions— 
In order to elucidate the observations of Fig. 1, Equation 2 has been 
studied spectrophotometrically (3) and Fig. 2 shows that the steady state 


100 
g 


pH 

Fic. 1. The pH-activity relationship for catalase obtained by rapid spect rophoto- 
metric measurements at 220 my. The values of activity were computed from the 
equation k,’ = 0.693/et,, where e is the erythrocyte catalase molarity, 0.5 to 1.0 
xX 10°* m, fy is the time for half decomposition of the hydrogen peroxide, and k;,’ is 
approximately 3.5 X 10’ at 25°. @, experiments carried out by adjust- 
ing the pH of unbuffered catalase solutions by adding phosphoric acid or by adding 
sodium hydroxide (Experiment 612). O, experiments with 0.01 m phosphate buffers 
in the range pH 6 to 8 and 0.05 m glycine buffers of pH 9 to 11 (Experiment 570). 
(25°.) 


RELATIVE ACTIVITY 


of the 


CATALASE -HYOROGEN 


RELATIVE CONCENTRATION 


Fic. 2. The decrease in the steady state concentration of the catalase-hydrogen 
peroxide complex in alkaline solutions, 0.54 um horse liver catalase, 400 um hydrogen 
peroxide, 2 mm ethanol, 0.05 m glycine buffer (Experiment 402b). 


concentration of the complex decreases in alkaline solutions, indicating 
that the amount of active enzyme or the speed of formation of the com- 
plex (k,) has decreased. And some decrease in the latter has been ob- 


served (roughly 8-fold at pH 12 compared to pH 7). Thus the effect of 


the heme linkage is probably upon /;. 
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A partial explanation of these effects is given by our theory of catalase 
action (11). 


E+s gs (4) 
Es+s (5) 
In the steady state 
©) 
14% 
ki 


where p = ES, e — p = E, the enzyme concentration, and x = S, the 
substrate concentration. Thus a decrease of k; or e would result in a 


2 4 6 8 10 12 

pH 

Fic. 3. The effect of pH upon the velocity constant for the combination of catalase 
with methyl hydrogen peroxide. O, with 1 um horse liver catalase and 60 um met hy! 
hydrogen peroxide in the presence of citrate buffers of various values of pH; wave- 
_ length 402 my (Experiment 377b). XX, in the presence of 4 um methyl hydrogen 
peroxide and 0.1 m glycine buffers of the appropriate pH; wave-length of 405 my 
(Experiment 403). (25°.) 


decrease of p, as in Fig. 2. The over-all activity (dxr/dt) is also propor- 
tional to p. 


dr 
(7) 


However, the decline of over-all activity of Fig. | in alkaline solutions is | 
somewhat more rapid than that of p in Fig. 2 and a more detailed explana- | 


tion is required. 

Effect of pH upon Kinetics of Catalase-Methyl Hydrogen Peroride—More 
accurate studies of the effect of pH upon the binding of catalase and per- 
oxide according to Equation 3 are given in Fig. 3 and show a remarkably 
small effect; in the acid region nearly constant values are obtained until 
protein denaturation occurs. In the alkaline region, the activity probably 
is also terminated by the splitting of catalase, but the similarity of the 
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spectra of the peroxide complex and split catalase causes some difficulty 
in the interpretation of the experimental data. However, in the broad 
region of catalase stability the velocity of combination with methyl hy- 
drogen peroxide is constant. This result is in accord with our data of 
Fig. 1 in the acid region but differs in the alkaline region; the loss of ac- 
tivity with hydrogen peroxide occurs at a lower pH than with methyl 
hydrogen peroxide. 

Secondary Catalase-Methyl Hydrogen Peroxide Complex—The primary 
green complex is slowly transformed into a red secondary complex in 
neutral solutions, but Fig. 4 shows that this reaction is accelerated by 


0.4. on 
< 
> 0.3- B 5 
3 

0.2 - 
A 
2 3 4 5 6 , 


pH 
Fic. 4. The effect of pH upon the velocity constant for the transition from the 
primary to the secondary complex of catalase with methyl hydrogen peroxide. In 
Curve B the logarithm of the velocity constant is plotted. 0.45 um horse liver cata- 
lase, 100 ua methyl] hydrogen peroxide, phosphate buffer at pH 7, the citrate buffers 
at the lower values of pH; wave-length of 435 my (Experiment 378). (25°.) 


hydrogen ions below pH 5. It is unlikely that this is caused by a simple 
heme-linked dissociation, because the logarithmic plot (Curve B) has a 
slope of 0.3 instead of 1.0. A similar effect probably occurs with the 
catalase-hydrogen peroxide complex (8). Since the secondary red com- 
plexes are inactive, these data illustrate how much more rapidly catalase 
activity is lost in acid than in neutral solutions. In fact we have observed 
spectrophotometrically the formation of the secondary complex upon ad- 
dition of a solution of hydrogen peroxide to strong catalase at pH 2.2. 

Effect of pH upon ‘Spontaneous’? Decomposition of Catalase-Hydrogen 
Peroride Complex—The catalase-hydrogen peroxide complex is not stable, 
but decomposes in about 30 seconds at pH 7, possibly caused by some 
donor molecule contained in the catalase preparation. The effect of pH 
upon the speed of this reaction is shown in Fig. 5, and an abrupt increase 


alase 
(4) 
(5) 
(6) 

, the 

in a } 

ilase 

thyl 
ave- 
ogen 
> mg 

| 

por- 

(7) | 

s is 
ina- 
Lore | 
per- 
ntil 
ibly 
the | 


476 EFFECTS OF PH ON CATALASE KINETICS 


occurs below pH 5. In this case the logarithmic plot is linear and of unity 
slope, suggesting that the donor molecule has a pK of about 5 or that the 


B) 


-2.0 


ka (sec. ) (curve A) 


log 10° ky (curve 


Fic. 5. The effect of pH upon the velocity constant for the ‘‘spontaneous’’ decom- 
position of the catalase-hydrogen peroxide complex. In curve B the logarithm of 
the velocity constant is plotted. 0.45 um horse blood catalase in water mixed with 
250 um H,O, and appropriate concentrations of HCI in the rapid flow apparatus; 
wave-length 405 mpg (Experiment 631b). (25°.) 


0 T T T 
4 6 8 10 12 
pH 
Fic. 6. Lack of pH effect upon the reaction of the catalase-hydrogen peroxide 
complex with ethanol. ©, 0.5 um horse blood catalase, 40 um hydrogen peroxide, 
300 um ethanol, phosphate buffers, except for pH 9, which was 0.01 m borate (Experi- 


ment 470). X, 1 wm horse liver catalase, 40 um ethanol, phosphate buffer at pH 7, | 


glycine buffers in alkaline solution (Experiment 402d). A, 1 um horse liver catalase, 
20 um hydrogen peroxide, 200 um ethanol, glycine buffers in alkaline solution (xperi- 
ment 402a). ©, see Fig. 8. (25°.) 


complex itself reacts with hydrogen ions below pH 5. This reaction ap- 
parently has a different pH dependence from that with alcohol or formic 
acid, and this difference suggests that the mechanism of the “spontaneous” 
decomposition involves more than a simple donor reaction. 
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nity Effect of pH upon Activity of Catalase-Hydrogen Peroxide Complex to- 
t the | wards Hydrogen Donors. Ethanol—By means of the spectrophotometric 
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pH 

Fic. 7. The marked effect of pH upon the apparent velocity constant for the 
reaction of the catalase-hydrogen peroxide complex with formate and nitrite. The 
true velocity constants are 1 X 106 and 1.4 X 10’ Mm“ X sec.~' respectively. ©, 0.45 
oxide | ym horse blood catalase, 200 um hydrogen peroxide, formate concentrations between 
xide, 40 um and 10 um, depending upon the value of pH, 0.01 m phosphate buffers, except 
<peri- 0.01 m borate buffer at pH 9 (Experiment 467). XX, experiments with nitrite. 0.45 
oH 7, =m horse blood catalase, 40 um hydrogen peroxide, nitrite concentrations ranging 
ase, between 57 um and 29 mm, depending upon pH (Experiment 469). (24°.) 
cperi- 
technique (3), the reaction of the complex with ethanol is measured at 
7 various values of pH, and the reaction velocity constant, ky, is calculated 
mich ™ described previously (12). As shown by Fig. 6, the lack of pH effect 
aia is remarkable: grossly there is no change of ky from pH 4.3 to 12.0. In 
| detail, there is a small increase of activity, 14 per cent in a change of 108 
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in hydrogen ion concentration. There is no participation of hydrogen or 
hydroxyl ions directly or indirectly through heme linkages in this reaction. 

Nitrous and Formic Acids—Ethanol does not ionize under these condi- 
tions, but nitrous and formic acid are mainly ionized at neutral pH (pK 
3.4 and 3.76 respectively), and in the range pH 5 to 8 the free acid con- 
centration would decrease by about 1000-fold.2_ Interestingly enough the 
value of k, computed on the basis of the total acid plus anion concentra- 
tion decreases exactly 1000-fold over this pH range, as shown by the data 
of Fig. 7, in which logarithmic coordinates are used. Thus the reaction 


20004 .---""o -2.0 
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1000 »--2---e---¥ 1.0 
ETHANOL 
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= 
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pH 


Fic. 8. A comparison of the effect of pH upon the velocity constants for the re- 
action of catalase-hydrogen peroxide with ethanol and formic acid. In this case 
the data are computed on the basis of free formic acid. The data on ethanol are 
from Fig. 6. 1.3 wm human blood catalase, ~200 um hydrogen peroxide, 0.001 
citrate buffers, wave-length = 405 my (Experiment 655). (24°.) 


of the complex is with the undissociated acid, not the anion. The true 
reaction velocity constant (ky) is computed from ky’ when pH > pK. 


log ky = log ky’ + pH — pK ; (8) 


= 1.0 X 10° for formic acid and 1.4 10’ X sec.” 
for nitrous acid at 24°. This reaction is much more rapid than that with 
alcohols and is comparable to the speed of combination of enzyme and 
substrate. 

A special study of this reaction has been carried out in acid solutions in 
which the value of pH approaches the pK of formic acid. Considerable 
attention has been paid to experimental detail in order to avoid an error 


? No inhibition of catalase (2) by these formate concentrations occurs at these 
values of pH. 
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due to the rapid spontaneous decomposition of the complex (see Fig. 5) 
or to the circumstances described previously (12). Results for both eth- 
anol and formic acid are plotted in Fig. 8. Since ky is computed as in 
Equation 8, constant values are to be expected and are found. At the 
low values of pH, formate combines with catalase hematin (K, the equi- 
librium constant, is about 10-* at pH 4.3 (2)) and some inhibition may 
have occurred. 

Detection of Formic Acid Formed from Carbon Monoxide—We had pre- 
viously detected formic acid formed from bubbling carbon monoxide 
through catalase solutions (13), but have been unable to reproduce such 
large effects. In acid solutions very dilute formic acid is detectable by the 


TaBie 
Effect upon k; of Bubbling Carbon Monoride through Solution of Catalase 
0.93 um human blood catalase, 200 um hydrogen peroxide, pH 4.2; wave-length 


405 mp (Experiment 658). 


| Several 
Time af arting bubbling CO, min... .......... days 
gen peroxide, mm.. 50 52 58 85 
Time for half decomposition of catalase-hydrogen: | 
perox 5.0 5.5 4.2 4.0 1.8 
k,’ = sees *..... 0.14 0.13 0.16 0.17 0.38 
= - - |~0.1 0.6t 


* The apparent value of k, is 0.4 X 10 m™ X sec.~' at this value of pH. a is the 


donor concentration. 
t The CO-saturated solution was diluted 10-fold; hence the actual concentration 


was 6 uM. 


method used above and a summary of the tests is given in Table I. A 
solution equilibrated several days with CO gave an effect equivalent to 
about 6 um formic acid. The previous results therefore represent a gross 
exaggeration of the effect and were probably caused by formic acid from 
the carbon monoxide generator entrained through an inadequate washing 
system. Such a reaction is indeed possible on thermodynamic grounds; 
the equilibrium constant is 6.90 at 25° for the reaction HCOOH — H,O + 
CO (14), saturated carbon monoxide containing about 8 mm formic acid 
at equilibrium. 


1. The effect of pH upon the velocity of decomposition of hydrogen 
peroxide in the presence of catalase has been measured over the range 3.0 
to 11.4. The activity is constant in the region pH 4 to 8.5. Below pH 
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4, the decrease of activity is caused in part by the formation of the see. 
ondary inactive catalase-hydrogen peroxide compound. The decrease of 
activity of catalase in acid solutions is*considerably less under these ex- 
perimental conditions than in Agner and Theorell’s earlier study. There 
is very little experimental evidence for the existence of a heme linkage in 
the acid region that has significance in the enzymatic activity. Above 
pH 8.5, the activity decreases slowly and falls to about 20 per cent at pH 
11.4. This decrease of activity is paralleled by a decrease in the steady 
state concentration of the primary catalase-hydrogen peroxide complex 
in alkaline solutions. This decrease is caused, in part at least, by a de- 
crease in the velocity constant for the formation of the catalase-hydrogen 
peroxide complex. The experimental results suggest that a heme linkage 
responsible for the rapid combination of enzyme and substrate is dis- 
sociated in alkaline solutions. 

2. The effect of pH upon the velocity of combination of catalase and 
methyl hydrogen peroxide has been measured over the range 2.2 to 12.5. 
No effect of significance to the enzymatic activity is found in the range 
pH 2.2 to 12.0, and the changes in the reaction velocity beyond this range 
are largely attributed to the denaturation of catalase. No evidence of 
the pH dependence of the formation of the hydrogen peroxide compound 
is found with methyl hydrogen peroxide. Nor does the ionization of 
methyl hydrogen peroxide in alkaline solutions appear to alter the reaction 
velocity. 

3. The effect of pH upon the reaction of the catalase-hydrogen peroxide 
complex with ethanol has been studied in the range pH 4.3 to 12.0, and 
no effect of significance in the enzymatic activity has been found. Thus 
there is no participation of hydrogen or hydroxyl ions in this reaction. 

4. The velocity of the reaction of catalase-hydrogen peroxide with for- 
mate or nitrite increases 10-fold for each unit decrease of pH in the range 
5 to 8, and it is concluded that only the free acids react with the peroxide 
complex. On this basis, the true velocity constants for the reaction with 
catalase-hydrogen peroxide with formic acid or nitrous acid are 1.0 x 10° 
and 1.4 X 107 wm“ X sec.~' respectively. These values are much larger 


than the values for the reactions with alcohols and approach the velocity , 


constant for the combination of enzyme and substrate. 

5. The velocity constant for the reaction of catalase-hydrogen peroxide 
with formic acid (computed on the basis of free formic acid) is relatively 
constant in the region pH 4.3 to 5, and under these conditions less than 
1 wm formic acid gives a readily measurable reaction. 


6. A definite and related effect of pH has been studied in the transition | 


from the primary to the secondary catalase-methyl hydrogen peroxide 
complex and in the spontaneous decomposition of the primary hydrogen 
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peroxide complex. Both of these reactions are accelerated by hydrogen 
ions below pH 5, and the latter reaction shows a 10-fold increase of rate 
per pH unit in the region pH 3.3 to 4.8. It is very likely that a heme- 
linked group of catalase is responsible for this effect. The pK of such a 
group would lie at about pH 5. 

7. The formation of formic acid from carbon monoxide in the presence 
of catalase has been reinvestigated, and the previous results indicate a 
gross exaggeration of the effect; very small quantities of formic acid are 
formed. Thus the reaction of catalase with formic acid does not provide 
a complete explanation of the conversion of carbon monoxide to carbon 
dioxide in vivo, although catalase could indeed be responsible for the oxi- 
dation of formate to carbon dioxide in the presence of hydrogen peroxide. 
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In the preceding study of the effect of pH upon catalase activity (1), 
the heme-linked hydroxyl group of Agner and Theorell (2) was not found 
to be necessary for the enzymatic activity, and we have therefore rein- 
vestigated the experimental evidence for this heme linkage from both 
equilibrium and kinetic studies. And since many of our views of the 
heme linkages of catalase are based upon analogies with ferrihemoglobin 
and ferrimyoglobin, similar studies have been made of their heme linkages. 

Physical methods, such as spectroscopy, reveal no change in the catalase 
spectrum caused by hydrogen ions alone in the region over which the 
catalase protein is stable; if catalase-heme linkages exist, they are not 
operative spectroscopically in the free enzyme above pH 3 (2). The 
method used here is to measure the effect of pH upon the kinetics and 
equilibria of the compounds of catalase with weak and strong acids. In 
this paper data on hydrazoic, hydrocyanic, formic, hydrofluoric, and 
acetic acids are presented over as wide a range of pH as practicable. A 
detailed study of the effect of pH upon the kinetics and equilibrium of the 
reactions of cyanide with ferrohemoglobin and ferrimyoglobin is described. 

The interpretation of the studies of heme linkages in catalases and per- 
oxidases has closely followed the pattern set by Coryell, Stitt, and Pauling 
(3) in their studies of the ferrihemoglobin compounds with fluoride and 
cyanide ions, etc., in which no effect of pH was found in fluoride binding 
and a pH effect in cyanide binding was assumed. Thus the ferrihemo- 
globin reactions were written as follows: 

Hb* + F- — HbF (1) 
Hb* + HCN — HbCN + H* (2) 

When catalases and peroxidases were found to show pH-sensitive fluo- 

ride binding, Theorell (4), following Pauling’s reasoning, postulated that a 
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hydroxyl group was bound to the iron atom of these enzymes and that 
they combine with fluoride ions as follows: 


FeOH + F- — FeF + OH- (3) 


Chance (5) found no effect of pH upon cyanide binding in the region 
of neutrality and, following the same pattern, wrote the reaction thus: 


FeOH + HCN <= FeCN + HO (4) 


Similar experimental results were found in the binding of peroxides (6). 

But it has not yet been demonstrated that the binding of fluoride becomes 
independent of pH or that the binding of cyanide becomes pH-dependent 
in acid solutions in which the heme-linked hydroxyl group would be dis- 
sociated. In fact, some data show no pH dependence of cyanide binding 
at low pH (5). This critical region at low pH is covered in considerable 
detail by these experiments. 

Catalase Preparations—Catalases were prepared from horse and from 
human erythrocytes by Dr. A. C. Maehly, according to the methods of 
Bonnichsen (7) and Herbert and Pinsent (8), and showed similar spectro- 
photometric and activity constants. The ferrihemoglobin was prepared 
according to the method of Keilin and Hartree (9), and the ferrimyoglobin 
was a pure sample prepared by Dr. M. Besnak (10), to whom many thanks 
are due. These preparations were dialyzed to remove interfering anions. 
Fresh catalase preparations were used; older ones were occasionally found 
to be less resistant to low values of pH. 

Method—Our experimental method is well illustrated by Fig. 1. Very 
dilute catalase is used to avoid the necessity for large buffer concentra 
tions. Direct recording of the results is achieved by a sensitive spectro- 
photometer (11), and, for small optical density changes, the concentration 
of the catalase compounds is read directly from the record on a linear 
scale. Microliter additions of strong solutions of the reactants make di- 
lution corrections negligible. The value of the pH is measured directly 
in the cuvette of the spectrophotometer by using a “baby stomach elec- 
trode’ manufactured by the National Technical Laboratories. 

Computation of Results—The apparent dissociation constant is computed 
from the experimental data in all cases on the basis of the simplest possible 
reaction. For example, for the equilibrium of catalase and fluoride, the 
apparent dissociation constant is computed 


(catalase) (tot al fluoride) 


(catalase fluoride) @ 


= 


Then, according to the postulated reaction mechanism, the values of K’ 
are amended to account for a pH dependence of the reactants. 
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Spectroscopic Data—The existence of compounds of catalase with azide 
and fluoride was discovered by Keilin and Hartree (12), while those with 
formate and acetate were found by Agner and Theorell (2). Keilin and 
Hartree have recently published spectra of the azide and fluoride com- 
pounds (13). The spectra of the formate, acetate, and azide compounds are 
shown in Fig. 2; the Soret band of the enzyme is shifted several millimi- 
erous towards the visible region of the spectrum, and its extinction coef- 
ficient is essentially unchanged. Even at 420 my the change of extinetion 
coefficient is small and highly accurate titrations are difficult. The shift 
of the Soret band on combination with fluoride is not shown in Fig. 2, 


Fic. 1. The titration of catalase with evanide with a recording speetrophotometer 
The abrupt upward deflections mark the addition of small volumes of strong eva- 
nide solutions. A = 425 mg; one large division = 0.004 in optical density; 0.14 
uM horse blood catalase; pH 8.33; 0.1 borate buffer (Experiment 66Sb). 


but is even more difficult to measure; we find a value of Mego = +9 em. 
X mm'” in contrast to Keilin and Hartree (13), and have made our meas- 
urements at this wave-length. 

Titrations with Stronger Acids—In order to avoid interaction with buffer 
anions, the titration reagent itself is used as a buffer in the case of acetate. 
With formic and hydrazoie acids the catalase is buffered with dilute lactate 
solutions which have a very low affinity for catalase. In the case of 
fluoride, lactate buffers were also used, but the titrations were made with 
a sodium fluoride-hydrofluorie acid solution of pH 4.0. 

Lactie acid is most satisfactory for acidification of catalase because it 
gives a warning of its improper use by causing a shift of the catalase 
spectrum. Phosphoric and sulfurie acids have been found to alter the 
titration curves for acetate, even though no shift of the catalase spectrum 
occurs: a 2-fold increase was caused by only 230 uM sulfuric acid at pH 3.8. 
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The results of the titrations are given in Fig. 3 and are in good accord 
with the effects found previously by Agner and Theorell (2); the negative 
logarithm of the dissociation constants (phX’) of the catalase compounds 
increases linearly with decreasing pH until, in the range below pH 4.5, 
a slower increase is noted. But our more extensive data will permit a 
rather different interpretation of the results, as discussed below. 

Titration with Weak Acid—A detailed study of the effect of pH upon 


ee ACE TATE 


FORMATE 


\ 


€ 


FREE CATALASE 


04 
370 400 430 


mp 
Fic. 2. The spectra of the compounds of catalase eaused by the addition 
of formate, acetate, or azide. Formate, 0.67 um horse blood catalase, 5 mu formate 
buffer, pH 4 (experiment 382); acetate, 0.57 am horse blood catalase, 1.0 mM acetate 
buffer, pl 4.6 (Experiment 284); azide, 0.6 um horse blood eatalase, 3 mM azide, pil 
6.5 (15) (experiment 284). 


the reaction of catalase and cyanide is given by the data of Fig. 4, which 
show that there is no systematic effect of pH upon this reaction in the 
range pH 3.1 to 5.8 (and thence to pH 7.0 in view of the earlier data (5)). 
The average value of the dissociation constant for the human blood catalase 
compound is somewhat larger than that found for the horse blood catalase 
compound, 7 X compared to4 It is reasonable to attribute 
this to a species difference. 

Hydroevanie acid is an excellent substance for the study of pH effects 
in the acid region, because the p< of the acid (see Table 1) lies several pH 
units below the region of interest, and hence no measurable effects could 
be caused by changes in the concentration of the hydroeyanic acid with 
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6- 


5- 


4- 


Acetate 


“7 4 5 6 
pH 

Fic. 3. The effect of pH upon the dissociation constants of the compounds of 
catalase found in the presence of azide, formate, fluoride, and acetate. The nega- 
tive logarithms of the dissociation constants (pK’) are plotted. In all curves, © 
represents points of Agner and Theorell (2). The conditions in these experiments 
were as follows: acetate (CO) 0.9 um human blood catalase, A = 420, titrated with 
acetate buffers (Experiment 661d); fluoride (©) 1.55 um human blood catalase, A 
= 450, acidified with 2 to 67 mm lactate buffers, depending upon the pH; titrated 
with NaF-HF solution, pH 4.0 (Experiment 663b); formate (@) 0.9 ua human blood 
catalase, \ = 420 my, acidified with acetic acid or acetate buffers (0.1 to 1.0 mM), 
titrated with formate buffers (Experiment 6614); azide (O, 7) 0.27 um human blood 
catalase, X = 413 my, acidified with 2 to 20 mm lactate buffers, depending upon the 
pH, titrated with sodium azide solution acidified with lactic acid to pH 4.0 (Experi 
ments 664a, 664b). (25°.) 
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pH in the region 3.1 to 7.0. The lack of an effect of pH upon pK in the} ¢ 
region in which Agner and Theorell previously concluded a heme-linked| 4¢;, 
hydroxyl group to be dissociated (see Equation 6) is remarkable. Ae. Fig. 
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Fic. 4. The effect of pH upon the dissociation constant of the compounds of cata- 
lase with the free acids: acetic, hydrofluoric, hydrocyanic, formic, and hydrazoic. 
In each case the values of pK’ of Fig. 3 are recomputed to the basis of the free acid 
concentration by adding log (K/{H*] + 1). In the cyanide titration, 1.1 oa human 
blood catalase, \ = 425 my; catalase solutions acidified with lactic acid or lactate 
buffers (2 to 5 mm) (Experiment 662c). A hypothetical curve representing the 
effect of a heme-linked hydroxyl group of pK 3.8 is included for comparison. 


cording to their conclusions, the value of pK should begin to decrease at 
about pH 3.8 and take on a linear dependence upon decreasing pH there- 


after as indicated by Equation 7. 


FeOH Fet* + OH 


Fe*t + HCN FeCN + Ht 
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Correlation of Data Obtained in Titrations with Weaker and Stronger 
Acids—The dissociation of some of the acids used in the titrations of 
Fig. 3 changes markedly in the pH range studied. The values of pK are 
given in Table I; acetic, formic, and hydrazoic acids pass through their 
pK in the range studied, and the pK of hydrofluoric acid lies only slightly 
below the range studied. Since the values of the dissociation constant have 
been computed on the basis of total reactant (acid plus anion), a clearer 
picture of the pH effect would be obtained if the dissociation constants 
were recomputed on the basis of only one species, acid or anion. The 
dissociation constants measured in Fig. 3 are recomputed on the basis 
of the free acid and are plotted together with the data on hydrocyanic 
acid in Fig. 4. 


Tasie I 
Dissociation Constants of Acids Used in Catalase Titrations (from International 
Critical Tables) 


| | 


10-8 | 7.2% 10-6 10-4 | 1.9. | 7.2 
3.14 | 3.72 4.72 


The actual concentration of free acid is given by the law of mass action 
in terms of the dissociation constant K. 
(Total acid) K 


(Free acid) ~ * 


The values of pK’ of Fig. 3 are readily normalized to the basis of free 
acid by adding log (K/{H*] + 1), and the results are plotted for the 


various values of pH in Fig. 4. 
We are now in a position to look for a systematic decrease along a 45° 


_ slope in the values of pK, which could be attributable to the pK of a 
 heme-linked hydroxyl group. In the case of acetic and hydrazoic acids, 


the value of pK increases somewhat, while, in the case of formic and 
hydrofluoric acids, a slope of approximately zero is obtained. In no case 
do the data acquire the characteristics of the theoretical curve for a heme- 
linked hydroxyl group of pK 3.8, although the data do not disprove the 
existence of a heme-linked hydroxyl group having a value of pK lower 
than approximately pH 3. 

The values of dissociation constanjs are given in Table II. 

Kinetic Studies on Velocity of Formation and Dissociation of Catalase 
Formate—In a catalase possessing a hydroxy! group, one distinctive effect 
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would be the second order reaction of hydroxyl ions with the anion com- 
pound (FeA). 

FeA + OH- = FeOH + A- (9 
Thus the velocity of dissociation of the anion compound would be directly 
proportional to the hydroxyl ion concentration. The velocity of com- 
bination would be independent of the values of the pH greater than the pK 
of the acid used. On the 45° portions of the curves of Fig. 3, the speed of 
combination of catalase and anion should be unaffected by pH, while the 
speed of dissociation would increase with pH. 

Only in the case of catalase formate are the velocities of formation and 
dissociation measurable with present apparatus, and then barely satis- 
factory results are obtained, owing to the small changes of extinction 
coefficient. 

The results of a series of experiments are presented in Tables IIT and 
IV. As the pH increased, it was found that the speed of the combination 
reaction (see Table III) decreases roughly 10-fold per pH unit when the 
velocity constants are computed on the basis of total formate. The ve- 
locity constants are recomputed on the basis of free formic acid according 
to Equation 8 and are seen to decrease only 5-fold for a 320-fold variation 
of the hydrogen ion concentration. And this 5-fold variation may be 
attributed in part to the rather large experimental error. 

The similarity of the speed of combination of formic acid with catalase 
hematin iron and with the catalase-hydrogen peroxide complex at the 
“donor spot” (1) is remarkable. 

The velocity constant for the dissociation of the compound is measured 
by mixing a lightly buffered catalase formate solution at pH 4.4 with a 
more alkaline buffer of a higher concentration. This abrupt change of 
pH causes the dissociation to occur, and the measured values are given 
in Table IV. In this case, there is no significant pH dependence. 


As a check of the reliability of the results, the ratio of the two velocity 


constants (computed on the basis of free formic acid) is given in Table III 
(last column) and is seen to agree roughly with the dissociation constant 


obtained in titration studies (6 & 10~*, see Table II). Thus an excellent | 


over-all check against a possible artifact is provided. 


The results of these kinetic experiments are not in accord with the 


mechanism indicated by Equation 9, and a complete discussion of the 
results is given below. 

Effect of High Values of pH upon Dissociation Constant of Catalase Cya- 
nide—Extensive studies of the effect of pH upon the equilibrium of the 
compounds of catalase with the stronger acids on the acid side of their 
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pK are difficult to carry out. But hydrocyanic acid, having pK 9.14, is 
suitable for studies above and below this value.' The effect of pH upon 
the equilibrium constant is given in Fig. 5.2. The curve follows, to a 


Taste II 
Summary of Values of Dissociation Constants for Compounds of Human Blood 
Catalase with Acetic, Hydrofluoric, Formic, Hydrocyanic, and Hydrazoic 
Acids, Based upon Free Acid Concentration (25°) 


Hydrofluoric Formic | Hydrocyanic 


4X 10°° 


Acetic Hydrazoic 


° Value correct for pH 3.8; some decrease with increasing pH. 


9* x 10°? 6 10°* | 7 xX 10°° 3* X 10°* 


Taste III 
Effect of pH upon Velocity Constants for Formation (k,) of Compound of Catalase 
Formed in Presence of Formate 
1.3 um horse blood catalase, \ = 420 my; [formate] varied according to the pH 
(Experiment 646a). (25°.) 


4.1 1.3 10* 2.6 10* 1.1 10°* 

5.2 3.5 10 0.99 10° 2.6 xX 10°* 

6.6 8.5 10* 0.54 10° 4.8 10° 
Tasie IV 


Effect of pH upon Velocity Constant for Dissociation of Catalase Formate (k;) 

0.93 ut human blood catalase in 0.001 m citrate buffer, pH 4.4, plus 40 um formate 
mixed with 0.01 « phosphate buffers of the pH indicated; \ = 420 (Experiment 659a). 
(25°.) 


Final pH | ty for dissociation | bs 
6.0 0.24 2.9 
7.0 0.31 2.2 
0.31 


_ first approximation, the theoretical curve for the dissociation of the hy- 
_ drocyanic acid molecule, although there are some deviations that are not 


‘ Hydrosulfurie acid, pK 7.0, would also be suitable for such studies, although 
the stability of hydrosulfide solutions is not all that could be desired. 

? The effect of pH found here is larger than that found in the spot check at pH 7.0 
and 9.3, mentioned in a previous paper (5). 
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understood at present. These data support the conclusion that the hydro- | 4, , 


cyanic acid molecule reacts with catalase. cor 
Effect of pH upon Reactions of Strong and Weak Acids with Ferrihemo- | {or 
Th 
5- cya 
10- 
2 bot 
° the 
a 
4 
2 
10 
pH 


Fic. 5. The effect of pH upon the equilibrium constant of the compound of 
catalase formed in the presence of hydrocyanic acid. 0.27 um human blood cata- 
lase, 0.1 m borate buffers, pH 7.5 to 9.0, 0.1 m glycine buffers, pH 9 to 104. A, 


Experiment 665; 0, Experiment 668a; O, Experiment 668b. (25°.) 
TaBLe V 
Effect of pH upon Dissociation Constant and Rate of Formation of Ferrihemoglobin 
and Ferrimyoglobin Cyanide 
[Ferrihemoglobin] = 0.6 um, [ferrimyoglobin] = 0.4 um. 0.01 m phosphate buffers myc 
except for pH 5.1, which is 0.01 m citrate (Experiments 674a, 674b). (25°.) tots 


H lobi Myoglobi that 


Vv Vi 
pH | Dissociation | constant constant Dissociation | constant constant * 
constant formation dissociation constant formation dissociation 


K X 10%) sec.~*) (sec? 10*)) K (ut X 10*) X X 10% 
Experimental | Experimental Computed Experimental Experimental 


7.0 4.5 263 1.2 1.4 323 0.45 
6.0 4.6 223 1.1 9 170 + oo 
5.1 22 96 2.1 34 123 4.2 | 


globin and Ferrimyoglobin—There is little question that fluoride ion reacts — 
with ferrihemoglobin in accordance with Equation 1 (3, 4). We have, 
however, reinvestigated the mechanism proposed by Coryell, Stitt, and 
Pauling for the binding of cyanide according to Equation 2. In neutral 
or acid solutions the reaction of Equation 2 would be represented by 
Equation 7, and acidification should cause the dissociation of the cyanide 
compound by increasing the value of k;. No such effect wasfound. Thus 
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k, could only be measured indirectly from the product of the dissociation 
constant K, determined by cyanide titration, and the velocity constant 
for the formation of the cyanide compound, k;, measured in kinetic studies. 
The results are shown in Table V. The value of k, for ferrihemoglobin 
cyanide is nearly constant from pH 5.1 to 7.0. For ferrimyoglobin, a 
10-fold change is observed, but Equation 7 requires a 100-fold change in 
both cases and therefore Equation 7 does not represent the reaction of 
these pigments with cyanide. 

These kinetic studies of the effect of pH upon k, afford a positive in- 


3 


log K, sec™) 


9.0 10.0 
pH 

Fic. 6. The effect of pH upon the velocity constant for the combination of ferri- 
myoglobin and cyanide. The velocity constant k, is computed on the basis of the 
total eyanide concentration, and the decrease of this value above pH 9 suggests 
that the combination reaction is between ferrimyoglobin and hydrocyanic acid. 
Rapid flow apparatus; 5 um Fe ferrimyoglobin in 0.001 m PO, buffer, pH 6.2, mixed 
with 600 ua HCN in 0.01 m borate (pH 7.5 to 8.6) or 0.01 m glycine (pH 9.0 to 9.95) 
buffers. = 435 my (Experiment 670). (25°.) 


dication that the hydrocyanic acid molecule is bound without the ejection 
of a hydrogen ion. Fig. 6 shows that the speed of combination of ferrimyo- 


_ globin declines as the concentration of hydrocyanic acid is diminished by 


_ dissociation of the molecule into cyanide ion.* These blood pigments 
_ act like catalase in their reaction with cyanide, but not with fluoride. 


The explanation of the disagreement of our results and those obtained 


_ by Coryell, Stitt, and Pauling (3) is clear from a study of their data which 
_ shows a titration at only one value of pH (4.77). The pH dependence of 


the reaction must have been inferred (incorrectly) from their fluoride 
studies. 

* The reaction kinetics were measured in the presence of a large excess of cyanide 
(00 um) and hence the speed of the forward reaction greatly exceeded that of the 


reverse reaction. The competition between hydroxyl ions (pK 8.84 (14)) and eya- 
hide should cause no significant error in the rate measurement. 
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DISCUSSION 
The following equations are to be considered as possible explanations 


of the interaction of hemoproteins and molecules or ions. 
FeH,O + HA — FeA~ + H,O* (10) 
FeH,O + A~ -— FeA~ + H,O (11) 
FeH,O + HA — FeHA + H,O (12) 
FeOH + HA —FeA + HO (13) 
FeOH + -—FeA + OH” (14) 
FeOH + HA — FeHA + (15) 


Equations 10, 11, and 12 represent the reactions possible between the 
hydrated iron atom of the hemoprotein and the molecule (HA) or the 
anion (A~) of the acid. In Equations 13, 14, and 15, the heme-linked 
hydroxyl group of the hemoprotein is taken into consideration. Catalase 
exhibits no pH effect in binding acids according to Equations 10 and 15, 
which require a pH effect, and exhibits a large pH effect in binding anions 
according to Equation 11, which gives no pH effect. Thus Equations 10, 
11, and 15 are inapplicable. Equation 12 correctly expresses the result of 
these studies with a minimum of hypothesis, but Equations 13 and l4 
must also be considered, because Theorell has postulated the existence of 
the heme-linked hydroxyl group. Actual proof of the existence of the 
hydroxyl group is lacking, since our titration data show no inflection that 
can be attributed to this group. But we are ready to admit that the pK 
of this group lies in a pH region that is inaccessible because of the de- 
naturation of the catalase protein. 

On the basis of kinetic studies of the effect of pH upon the combination 
of catalase and formic acid, Equation 14 is incorrect and only Equations 12 
and 13 remain for consideration. They also explain the experimental re- 
sults on the combination of cyanide and ferrihemoglobin or ferrimyoglobin. 

On the other hand, the reaction of these two blood pigments with fluoride 
follows Equation 11, an apparent inconsistency. But complete consistency 
in the pattern of hemoprotein reactions may not exist; there is no reason 
why the reaction of the blood pigments with fluoride should be identical 
to that of catalase with fluoride.‘ Nor do we know that the structures of 
the compounds that are formed need be identical. A further elucidation 
of the exact nature of the reactions of hemoproteins depends largely upon 
a more detailed knowledge of the nature of their compounds; kinetic and 
equilibrium studies have served best to clarify, but not to establish with 
finality, the possibilities of chemical structures. 

‘ Theorell’s recent magnetic susceptibility studies of metmyoglobin fluoride show 
a rather complex pH dependence not found in catalase (14). 
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SUMMARY 


1. The equilibrium of catalase and formic, hydrofluoric, hydrazoic, ace- 
tic, and hydrocyanic acids is unaffected by pH in the range 3.5 to 5.5. 

2. The equilibrium of catalase and hydrocyanic acid depends upon the 
free hydrocyanic acid concentration in the range pH 7.5 to 10. 

3. The velocity of formation of catalase formate depends upon the 
formic acid concentration, and the velocity of dissociation does not depend 
upon the value of pH in the range 4.1 to 6.6. Thus catalase reacts with 
the formic acid molecule and not the anion. By analogy, the reactions are 
with hydrofluoric, hydrazoic, and acetic acids. It has previously been 
concluded that catalase reacts with the hydrocyanic acid and with the 
hydrogen peroxide molecules. The reaction with strong and weak acids 
follows the same course. 

4. None of the studies of the effect of pH upon the reaction of catalase 
with acids has yet been carried far enough into the acid region (without 
protein denaturation) to prove the existence of the heme-linked hydroxyl 
group. Nor is the existence of this group disproved. 

5. Two mechanisms are under consideration for the reaction of catalase 
with strong and weak acids. 

FeH,O + HA — FeHA + H,O 
FeOH + HA =~ FeA + H,O 


6. The dissociation constants of human blood catalase compounds com- 
puted according to the above equations are as follows: hydrofluoric acid 
4 X 10-5, formic acid 6 X 10~-*, hydrocyanic acid 7 X 10~*, hydrazoic 
acid 3 X 10~*, acetic acid 9 X 10-* (the last two values are correct at 
pH 3.8).5 

7. The evidence for the conclusion of Coryell, Stitt, and Pauling that 
ferrihemoglobin reacts with cyanide ion is inadequate, since the increase 
of the dissociation velocity with decreasing values of pH is much less than 
10-fold per unit pH, as required by their mechanism. The effect of pH 
upon the velocity constant for the formation of ferrimyoglobin cyanide 
suggests that the free acid reacts as in the case of catalase. 

8. Formic acid combines with catalase hematin iron at the same speed 
with which it reacts with the catalase-peroxide complexes. 
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DISTRIBUTION OF TRANSAMINASES IN RAT ORGANS* 


By JORGE AWAPARA anv BILLIE SEALE 


(From The University of Tezas, M. D. Anderson Hospital for Cancer Research, 
Houston, Texas) 


(Received for publication, August 13, 1951) 


The rdéle which the transamination reaction plays in the metabolism of 
amino acids is not known exactly. The reaction was at first considered 
to be general and to involve most amino acids (1). However, results 
obtained in various laboratories suggested that transamination took place 
only with glutamic acid, aspartic acid, and alanine, and in a few cases with 
other amino acids (2-4). 

The development of accurate and specific methods for the analysis of 
amino acids permitted a revision of the problem, and today there are many 
reports which indicate that transamination is a reaction of wide scope, 
involving many acids. Feldman and Gunsalus (5) reported the occurrence 
of a wide variety of transaminases in bacteria. Hird and Rowsell (6) 
demonstrated that the insoluble particles of rat liver possess the ability to 
synthesize phenylalanine, tyrosine, and alanine from the corresponding 
keto acids and glutamic acid. The extensive work of Cohen indicated at 
first that transaminations are limited to a few amino acids, but recently 
Cammarata and Cohen (7) reported that enzyme preparations from liver, 
kidney, and heart are able to transaminate many amino acids. 

It was difficult to ascribe a réle to the transamination reaction in the 
light of previous studies, since it was considered to be a reaction of limited 
scope. The present work was conducted for the purpose of determining 
quantitatively by paper chromatography the transamination reaction in 
various organs of the rat and to determine the number of amino acids 
involved in the reaction. As it will be shown, our results point clearly to 


the existence of multiple transaminating activities in all organs investi- 
gated. Furthermore, from the different ratios of activity among the or- 


gans investigated, it appears that more than one enzyme must be involved 
in the reaction. a-Ketoglutaric and pyruvic acids were the only a-keto 
acids used in this investigation. 
Methods 

Incubation —Organs were obtained from male rats of our Wistar stock. 
Fresh samples of about 1 gm. were homogenized in a Potter-Elvehjem 

* This investigation was supported by research grants from the National Cancer 
Institute of the National Institutes of Health, United States Health Service, and 
from the American Cancer Society, as recommended by the Committee on Growth 
of the National Research Council. 
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type glass homogenizer with 10 volumes of ice-cold 0.01 mM phosphate 
buffer, pH 7.6. In a 15 ml. conical bottom centrifuge tube were placed 
0.5 ml. of the homogenate, 0.5 ml. of the amino acid solution (50 um based 
on L-amino acid in the case of pL isomers), and 1.5 ml. of the phosphate 
buffer. The mixture was shaken and placed in a water bath at 38° for 
3 to 5 minutes. At the end of this period, 0.5 ml. of the keto acid (50 ym), 
previously neutralized and brought to pH 7.6 and to 38°, was added to 
the mixture. The tubes were shaken, and incubation was continued for 
60 minutes. At the end of the incubation period, 7 ml. of absolute alcohol 
were added to each tube, the aleohol being mixed thoroughly to achieve 
complete precipitation of the proteins. The tubes were centrifuged for 
15 minutes, and the clear supernatants were transferred to 20 ml. beakers. 
The extracts were evaporated to dryness on a water bath, and the residues 
taken up in 1 ml. volumes. 

Estimation of Glutamic Acid and Alanine—Since we have used only a- 
ketoglutaric and pyruvic acids in this investigation, transaminase activity 
was measured by estimating the amounts of glutamic acid and alanine 
formed in the reaction. The estimation of both alanine and glutamic acid 
was carried out by means of paper chromatography (8, 9). It was neces- 
sary to introduce some modifications in the method. Aliquots of 50 ul. 
of sample were applied on filter paper. This large amount of liquid neces- 
sitates drying of the applied solution by means of an infra-red lamp and a 
current of air. A standard solution of glutamic acid or alanine must be 
applied to each sheet of filter paper used (0.4 um of the standard was found 
to be satisfactory). A blank space was left on the side of each paper to 
determine the color value due to paper alone. Chromatography was car- 
ried out in the usual manner with phenol as the solvent. To dry the 
papers, an oven (60°) with circulating air was used. The position of the 
amino acids was revealed by the use of a 0.05 per cent solution of ninhydrin 
in butanol saturated with water. The areas of paper corresponding to 
glutamic acid or alanine were cut, rolled, and placed in matched test-tubes. 
Areas of paper containing the standard solution and a blank area of equal 
size were cut and treated as the other samples. Color development was 
obtained by addition of 5 ml. of the ninhydrin reagent prepared according 
to the method of Moore and Stein (10), except that it was diluted with 
ethyl cellosolve and citrate buffer to give a 0.5 per cent solution. The 
tubes were placed in boiling water for 20 minutes, removed, cooled, and 
diluted with 5 ml. of diluent (1:1 n-propanol-water). The papers were 
removed with a clean wire loop after the tube had been shaken to allow 
good mixing. Readings were taken at 570 my in a Coleman spectro- 
photometer. 
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EXPERIMENTAL 


The accuracy of the chromatographic method was determined by the 
estimation of the recovery of added glutamic acid to tissue homogenates 
(1:10) in a total volume of 3 ml. The procedure was followed as de- 
scribed, and the recovery of the added glutamic acid was calculated (Table 


Taste I 
Recovery of Added Glutamic Acid from Liver Homogenate 


Glutamic acid (20 am per gm. added) 


Found Recovered 

eM per gm. per cent 
18.9 | 04.5 
18.9 | 04.5 
18.4 92.0 
20.8 104.0 
20.0 100.0 
19.5 07.5 

Taste Il 


Recovery of Added Glutamic Acid from Tissues after 1 Hour Incubation 
All the values are expressed as micrograms per gm. of tissue. 


Glutamic acid (20 y added) 
| 1 he. ecid at 1 he. | Recovered 
20.8 0.8 20.0 
21.8 0.8 21.0 
a * 1.8 22.0 


I). It is clear that the use of a standard for each paper overcomes the 
difficulties encountered due to losses on drying (11). 

The possibility that glutamic acid might be further metabolized during 
the incubation period was considered and investigated. Under the same 
conditions as those described for the estimation of the transaminase, glu- 
tamic acid recovery was calculated after 1 hour incubation with tissue 
homogenates in the absence of a-ketoglutaric acid. The results are shown 
in Table II. 

Incubation of tissues with a-ketoglutarie acid alone indicates that in 
most instances some glutamic acid is formed. However, the values due 
to endogenous amino group donors are in most cases about 10 per cent of 
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the total glutamic acid formed. In certain cases, where transaminase 
activity is low, the tissue blank becomes significant. After incubation 
of tissue homogenates with a-ketoglutaric acid, the following values for 
glutamic acid were found: liver 6 wm per gm. of tissue, kidney 10 um, 
heart 10 um, and prostate 18 um. As we shall see, these values are com- 
paratively small. 

RESULTS AND DISCUSSION 


A comparison of values obtained with a-ketoglutaric acid and pyruvic 
acid points clearly to the fact that transamination takes place at a higher 
rate with a-ketoglutaric acid in the organs studied and with most amino 
acids investigated (Table III). Values which correspond to 5 uM or less 


are not reliable because tissue blanks are approximately of the same order. | 


All values are averages of two determinations, each run in duplicate chro- 
matograms. The agreement is good within the same animal, but the 
variations in some instances are very large between two animals, as it 
may be observed from Table IV, where kidney, liver, heart, and prostate 
were determined in two different animals and reported in Tables III and 
IV (glutamic acid formation). 

The transamination reaction, its scope, and réle in intermediary metabo- 
lism have been reviewed on several occasions (1, 12, 13). It is difficult to 
correlate our values with those reported in the literature because a great 
variety of materials was used, conditions were different, and transaminase 
activity was determined by measuring in some instances the disappearance 
of one component, whereas in other cases the formation of end-products 
of the reaction was measured. It became important then to estimate 
transaminase activity within the same animal under identical conditions 
and methods. 

Our results point clearly to the existence of multiple transaminating 
activities in all the organs investigated, thus confirming the results ob- 
tained by Cammarata and Cohen (7), even though in most cases the rate 
of transamination was somewhat low but significant. It is not possible 
to decide whether there is more than one enzyme involved, although our 
data favor this view, since the ratios of activity vary among different 
organs. The ratio of alanine to aspartic acid in the liver is 1.8 (formation 
of glutamic acid), whereas the ratio in the kidney is only 0.4 (Table IV). 

The diversity of activities in the ventral prostate is of some interest 
in the light of previous studies on this organ. It was indicated by chro- 
matographic analysis that the ventral prostate possesses perhaps more 
free amino acids than any other organ of the rat (14). The fate of the 
free amino acids in the prostate is not known at the present time, and the 
few studies on hand do not indicate any possible pathway for the free 
amino acids other than transamination. 
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The ability of most organs to form glutamic acid from other amino acids 
by means of the transamination reaction is of interest and suggests that 


Taste III 
Transaminase Activity of Rat Organs 
The values are measured in micromoles. 
Amino acid formed per gm. fresh tissue per hr. 
Amino acid | Glutamic acid Alanine 
Heart Liver Kidney Heart Liver Kidney Ventral 
t-Aspartic acid... 291 235 | 241 | 174 | 0 
100| | 88 12 5 
79 10 | 122 5 6 8 
S9 10 122 106 0 25 0 6 
Glycine......... 23 9 18 30 0 0 5 10 
u-Methionine................ 10 28 9' | 35 0 10 
pi-Phenylalanine...__....... 3 12 25 s 10 58 0 0 
0 0 30 12 0 0 30 0 
L-Lysine 0 0 0 0 0 0 6 0 
EIEN Pre poe 0 6 0 10 0 0 0 0 
pL-Threonine 15 0 25 12 0 oO 0 0 
*pi-Serine 20 23 0 0 
. Separation from glutamic acid was incomplete. 
Taste IV 
Transaminase Activity of Rat Organs 
The values are measured in micromoles. 
| Glutamic acid formed per gm. fresh tissue per hr. 
Aspartic | Alanine | Leucine | Isoleucine | Valine 
Liver 250 452 8 1 
Kidney 260 111 112 122 122 
Heart 334 | 1s4 S7 so 89 
Spleen ee | 18 | 67 21 17 11 
Skeletal muscle | | we 28 21 14 
rentral prostate 215 101 
Brain 204 21 ll 
126 130 Sl 6S 58 


Testis 


perhaps a-ketoglutaric acid is the most important keto acid involved in 


the reaction. 


Previous work from our laboratory (15) indicates that, of 


all free amino acids, glutamic acid exists in the highest concentration, at 
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least in the eight organs investigated. This and other observations lend 
further support to the suggestion of Braunstein (1) that the dicarboxylic 
acids play a key rdéle in the metabolism of other amino acids. 


SUMMARY 


1. By the use of a quantitative paper chromatographic method, trans-| ‘*" 


aminase activity has been determined in eight organs of the rat. 

2. The transamination reaction was found to take place in all eight 
organs. The distribution of activities varied greatly among the organs : 
examined, suggesting that more than one enzyme may be involved in the as 
reaction. vol 

3. The formation of glutamic acid from a-ketoglutaric acid by means dic 
of transamination proceeded in all organs examined. Nearly every amino _ tha 
acid investigated was active in the reaction with a-ketoglutaric acid. De 

4. The formation of alanine from pyruvic acid proceeded in few in- | str: 


stances and at a low rate. bot 
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THE ENZYMATIC CONVERSION OF PHENYLALANINE 
TO TYROSINE* 


By SIDNEY UDENFRIEND anv JACK R. COOPERT 


(From the Section on Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, August 23, 1951) 


The enzymatic oxidation of phenylalanine to tyrosine has been studied 
as part of an investigation of the intermediates and enzyme systems in- 
volved in the biosynthesis of epinephrine. Womack and Rose (1) in- 
dicated that phenylalanine was converted to tyrosine in vivo by showing 
that tyrosine is not essential when sufficient phenylalanine is available. 
Definite proof was provided by Moss and Schoenheimer (2), who demon- 
strated that isotopically labeled phenylalanine given to rats appeared 
both as labeled phenylalanine and labeled tyrosine in the body proteins. 

Information concerning the tissue catalysts responsible for the oxida- 
tion of phenylalanine to tyrosine is meager. Embden and Baldes (3) 
perfused livers with phenylalanine and showed an increase in tyrosine. 
Bernheim and Bernheim (4) demonstrated that surviving liver slices, on 
incubation with phenylalanine, produced an increased amount of phenolic 
material which showed many of the properties of tyrosine. 

The experiments reported in the present paper demonstrate that liver 
slices and homogenates can convert phenylalanine to tyrosine. The prop- 
erties and requirements of a soluble system that is capable of os Sa zing 
the reaction are described. 

Materials—Phenylalanine and tyrosine were obtained from the Nutri- 
tional Biochemicals Corporation. There was less than 0.1 per cent of 
the p isomer in the L-phenylalanine and about 0.2 per cent of the L isomer 
in the p-phenylalanine.! These determinations were made by the method 
of Meister, Levintow, Kingsley, and Greenstein (5). 3-C"™-pi-Phenyl- 
alanine was obtained from Tracerlab, Inc. Samples of pi-cyclohexyl- 
glycine, cyclohexyl-pt-alanine, and cyclohexyl-pL-aminobutyric acid were 
obtained from Dr. Alton Meister of the National Cancer Institute, the 
3-2-thienylalanine from the Nutritional Biochemicals Corporation (Lot 
3045), and p-hydroxycinnamic acid and p-hydroxymandelic acid from 
Dr. Emery M. Gall of the University of California, Department of Bio- 


*A preliminary report was presented to the American Society of Biological 
Chemists, in Cleveland, May, 1951. 

t Research Fellow of the United States Public Health Service, National Institutes 
of Health. 

‘The authors are indebted to Dr. Alton Meister for these analyses. 
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chemistry. Diphosphopyridine nucleotide (DPN), purity 0.73, was pre. 
pared according to the method of Kornberg and Pricer (6). Triphos. 
phopyridine nucleotide (TPN), purity 0.85, was prepared according to 
the method of Kornberg and Horecker (7). Reduced diphosphopyridine 
nucleotide (DPNH;), purity about 0.65, prepared from DPN by the 
method of Ohlmeyer (8), was obtained from Dr. Arthur Kornberg. The 
practical grade of 1-nitroso-2-naphthol (Eastman Kodak Company) was 
found to be satisfactory for tyrosine assay. Alcoholic solutions were 
stable indefinitely. Samples obtained from several other sources were 
found to be grossly impure and unsuitable for the analysis. The tyrosine 
decarboxylase used was contained in a crude acetone powder of Streptocoe- 
cus faecalis. The preparation also possessed phenylalanine decarboxylase 
activity which was about one-seventh of that for tyrosine. 

Analytical Method—Tyrosine was determined by a colorimetric method 
based on the reaction of 1-nitroso-2-naphthol with o- and p-substituted 
phenols.? Applied to deproteinized liver extracts, the method yields lower 
blank values than do other procedures for tyrosine assay. Tyrosine added 
to extracts is recoverable quantitatively. 

Cysteine, glutathione, and other reducing substances interfere with the 
nitrosonaphthol reaction. When such substances were present, tyrosine 
was assayed by the nitration procedure reported by Snell and Snell (9). 
Satisfactory results may be obtained with this method by very careful 
control of conditions. 

Occurrence of Enzyme Activity—Table I summarizes the experimental 
data on the occurrence of phenylalanine-oxidizing activity in animal tis- 
sues and in microorganisms. Livers of the rat, guinea pig, rabbit, dog, 
chicken, and human convert phenylalanine to tyrosine. The enzyme sys- 
tem is found only in the liver, at least in the case of the rat, no measurable 
differences in rat liver enzyme concentration being correlated to age, sex, 
or strain. The three microorganisms tested were not able to carry out 
the conversion. 

Identification of Enzymatically Formed Tyrosine—The phenolic material 


formed by the action of rat liver slices and homogenates on L-phenyl- 


alanine was identified as tyrosine by the following procedures. 

1. Treatment with 1-nitroso-2-naphthol yielded a product which had 
light absorption characteristics and solubility properties identical with 
those of the product formed by treating tyrosine with the reagent. 


2. Tyrosine decarboxylase converted the material to a product which, 


like tyramine, could be extracted into isoamyl alcohol at pH 9.6 and could 
then be extracted from the alcohol with dilute acid. The decarboxylated 
material also reacted with 1-nitroso-2-naphthol to yield a product with 


* Cooper, J. R., and Udenfriend, 8., unpublished. 


| 


$3259 38 


tic 


REGS 


S. UDENFRIEND AND J. R. COOPER 505 
light absorption characteristics identical with those of the known tyramine 
derivative. 

3. On paper chromatograms the product moved with an R, identical 
with that of tyrosine. 

When C"™-pt-phenylalanine was used as substrate, the isolated tyrosine 
also contained C™, indicating that tyrosine was formed by the direct oxida- 
tion of phenylalanine. This rules out the possibility that phenylalanine 
merely stimulates tyrosine production through some other route. 

Experiments on Tissue Slices—The conversion of .-phenylalanine to 

Tasie 
Occurrence of Phenylalanine-Oxidizing Activity | 


Organism Tissue 
Liver* 
Lungt 0 
_ Kidneyt 0 
Braint 0 
| Musclet 0 
Guinea pig Liver* + 
Dog ... | + 
Human + 
Chicken 
S. faecalis . Cell suspension 0 
E.coli. | 0 
| “ 0 


+ = present; 0 = absent. 

* Tested in both slices and homogenates. 
t Tested in homogenates only. 

t Tested in slices only. 


tyrosine in liver slices required oxygen and proceeded unabated for many 
hours when incubated at 37°. Since the slices could also destroy L-tyro- 
sine at a fairly rapid rate, balance studies were not attempted. In Table 


II are presented data from an experiment in which rat liver slices were 


incubated with L-phenylalanine and L-tyrosine. 
Preparation of Soluble System from Liver—aAll operations were carried 


out in a cold room (0-3°). Solutions and equipment were allowed to 


_ cool to the temperature of the cold room before use. 


Rats were stunned and then decapitated to permit the blood to drain. 
The livers were immediately removed and homogenized in a Waring 
blendor with 2 to 3 times their weight of isotonic KC]. The homogenate 
was centrifuged at 13,000 r.p.m. for 1 hour in a Servall centrifuge. After 
centrifugation, a small amount of fatty material was removed from the 
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surface and the supernatant fluid was then dialyzed against isotonic KC] 
containing 0.01 m phosphate buffer, pH 6.7. Since the activity deteri- 
orated even at 0°, dialysis was carried out for no longer than 3 hours with 
an efficient rocking device, permitting 4 to 6 liters of solution to pass 
through the apparatus per 100 ml. of supernatant solution. 

Dialyzed preparations could be stored in the deep freeze for at least 
2 months. It was found convenient to divide a large preparation into 
several small fractions for storage in the deep freeze. The preparation 
could also be lyophilized with little loss in activity. The dried material 
also required storage in the deep freeze. 

All the activity of homogenates was recoverable in the supernatant 
solutions. Substitution of NaCl for KCl did not influence the activity 


TaBLe II 
Incubation of u-Phenylalanine and L-Tyrosine with Rat Liver Slices 


Sample No. | Incubation substrate | | 
Ars. uM uM uM 
L-Phenylalanine 1 2 0 0.06 
2 1 23.9 0.39 
3 2 23.9 1.00 
4 3 23.9 1.42 
L-Tyrosine | 5 2 4.00 1.36 
| 6 2 4.00 1.08 


150 mg. slices were incubated in 4 ml. of Ringer’s bicarbonate buffer, pH 74, at 
37° in an atmosphere of 95 per cent oxygen-5 per cent CO». 


of the resulting preparations. Homogenization in hypertonic sucrose, to 
preserve mitochondria, did not yield homogenates with increased ac- 
tivities. Further centrifugation of the dialyzed preparation in the ultra- 
centrifuge at 125,000 X g for 1 hour yielded a small amount of inactive 
sediment and a supernatant containing all the original activity. 
Properties of Soluble System from Liver—The crude liver extract had an 
appreciable oxygen uptake in the absence of added L-phenylalanine. This 
made it impossible to determine the oxygen utilized for tyrosine forma- 
tion. The ability of the preparation to deacetylate acetylamino acids 
and to hydrolyze peptides made it difficult to study the effect of the liver 
extract on derivatives of L-phenylalanine. Sufficient purification was 
achieved so that L-phenylalanine could be completely recovered as tyro- 
sine and phenylalanine in the presence of DPN, oxygen, and the liver 
extract (see below). This indicated the absence of other enzymes which 
could metabolize phenylalanine and tyrosine. In Fig. 1 is shown a chro- 
matogram from an experiment in which C"-pL-phenylalanine was incu- 
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bated with the enzyme preparation. All the C™ originally added was 
found in the phenylalanine and tyrosine spots. No other radioactive 
spots were found. The conversion of only half of the phenylalanine to 
tyrosine is due to the inactivity of the unnatural enantiomorph (see 
below). 

Test System—The test system utilized to study the requirements of 
the enzyme consisted of 1.25 ml. containing 0.15 ml. of 1 m phosphate 
buffer, pH 6.7, 0.5 ml. of enzyme preparation, 2 um of L-phenylalanine, 


R¢ (A) (8) (c) 


PHENYLALANINE 

Fic. 1. Chromatogram showing enzymatic conversion of C''-phenylalanine to 
C'-tyrosine. 0.3 um of 3-C'-p.-phenylalanine was incubated with a dialyzed liver 
preparation for 30 minutes at 37°. The supernatant solution, after precipitation 
of protein, was extracted with ether to remove trichloroacetic acid, and then aliquots 
were applied to Whatman No. 1 paper. The chromatograms were developed with 
butanol-propionie acid, dried, and sprayed with ninhydrin. The phenylalanine and 
tyrosine spots were cut into 1 cm. squares and their radioactivity measured. Sec- 
tions from other parts of the chromatograms showed no radioactivity. A, mixture 
of pure non-radioactive phenylalanine and tyrosine; B, 3-C'-pL-phenylalanine 
incubated without enzyme; C, 3-C'-pL-phenylalanine incubated with enzyme. 


0.55 um of DPN, and 5.0 um of nicotinamide. The mixture in a 20 ml. 
beaker was shaken in air, at 25°, on a Dubnoff metabolic shaking incuba- 
tor. At the end of the incubation period 0.6 ml. of 15 per cent trichloro- 
acetic acid was added and the sample was transferred to a conical tube 
for centrifuging. After centrifuging, a 1 ml. portion was taken for tyro- 
sine assay. | 
Requirements—The preparation required both oxygen and pyridine 
nucleotide for activity. DPN and TPN were almost equally effective in 
fresh undialyzed preparations. Preincubation of such preparations for 
30 minutes in oxygen at 37° reduced the effectiveness of DPN to negligible 
values, whereas the TPN effectiveness was reduced by approximately one- 
half. Aging of the preparations for several hours, either in the ice box 
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or at room temperature, reduced the effectiveness of TPN much more 
than that of DPN. In the dialyzed preparations, DPN and DPNH, 
were many times more effective than TPN (Fig. 2). 

No activity was observed under strict anaerobic conditions. Optimal 
conditions were obtained in air when a sufficiently large gas-liquid inter. 
face was maintained and when the samples were shaken at a rate sufficient 
to produce maximal equilibration. A decreased activity was observed in 
pure oxygen as compared to air. This was presumably due to irreversible 
inactivation of the enzyme system by oxygen. Methylene blue could not 


uM TYROSINE FORMED 


Bes 8 8 3 


S 


Oo 20 40 60 80 10 12 14 
uM PYRIDINE NUCLEOTIDE 
Fic. 2. Relationship between pyridine nucleotide concentration and tyrosine 
formation. Incubation time 2 hours; 25°; pH 6.7; 2 um of L-phenylalanine; dialyzed 


preparation. 


substitute for oxygen in the reaction. Hydrogen peroxide, produced en- 
zymatically by xanthine oxidase action, had no effect on the conversion. 

Substrate—The relationship between the amount of L-phenylalanine 
added and tyrosine formed is shown in Fig. 3. No tyrosine was formed 
from p-phenylalanine. However, with undialyzed preparations some 
tyrosine appeared, probably as a result of racemization of the phenyl 
alanine. N-Acetyl- and N-chloroacetyl-t-phenylalanine did not yield the 
corresponding tyrosine derivatives. No tyrosine ethyl ester appeared 
when t-phenylalanine ethyl ester was used as substrate. p1i-Pheny!- 
glycine, phenylserine, phenylpyruvic acid, phenylethylamine, benzoic acid, 
hippuric acid, cinnamic acid, and mandelic acid were tested with the liver 
extract. In no case was the corresponding p-phenol formed. 

Optimal Temperature—The maximal initial rate of tyrosine production 
took place at about 35°. However, in the presence of oxygen the enzyme 
system was rapidly inactivated at this temperature. Also, at temper 
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Fic. 3. Relationship between L-phenylalanine concentration and tyrosine forma- 
tion. Incubation time 75 minutes; 25°; pH 6.7; 0.55 um of DPN; dialyzed prepara- 


tion. 
III 
Inhibitors of Tyrosine Formation 
Compound Concentration jee. 
moles per |. 
Arsenate . 8.0 10-3 0 
¢-2-Thienylalanine. 1.2 X 10°? 66 
2.0 X 10°? 74 
Cyclohexyl-pu-glycine. 2.4 X 0 
1.6 X 10°? 43 
aminobutyrie acid. 2.4 X 10°% 0 
5.0 10° 0 
| 4.2 X 10° | 0 
The concentration of .t-phenylalanine used in all these experiments was 2.4 
X 10-3 
*The values presented are the average of at least two experiments. Values 


less than 10 per cent cannot be considered significant. 


atures of 35° and higher tyrosine was slowly destroyed. At 25° the reac- 
tion proceeded more slowly but continued at a constant rate for about an 
hour. At this lower temperature there was no measurable destruction of 
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tyrosine. The calculated initial rate of tyrosine formation, in micromoles 
per minute per gm. of liver, is 0.1 at 25° and 0.3 at 35°. 

Optimal pH—In phosphate buffers, the maximal rate of tyrosine for. 
mation occurred at pH 7. Citrate buffers inhibited the reaction. 

Inhibitors—The degree to which various substances were able to in- 
hibit the conversion of phenylalanine to tyrosine is shown in Table III 
The marked inhibition by cyanide and azide plus the requirement of oxy. 
gen suggests a heavy metal oxidase. The marked inhibition by 8-2. 
thienylalanine and cyclohexylalanine is very interesting, especially since 
compounds such as phenylglycine and phenylserine had little or no effect. 
L-Tyrosine, the end-product of the reaction, did not inhibit the reaction. 
However, L-phenylalanine itself was definitely inhibitory (Fig. 3). 


DISCUSSION 


The conversion of t-phenylalanine to tyrosine is catalyzed by an en- 
zyme system found in mammalian livers. The presence of such an enzyme 
in animals may explain why tyrosine, in contrast to phenylalanine, is 
not an essential amino acid (1). In yeast (10) and Escherichia coli (11), 
where independent pathways for phenylalanine and tyrosine synthesis 
have been demonstrated, enzymatic conversion of phenylalanine to tyro- 
sine does not seem to occur. 

The amount of activity found in liver suggests that conversion to tyro- 
sine is an important pathway of L-phenylalanine metabolism. Dakin (12) 
and Embden and Baldes (3) were among the first to suggest this. Jervis 
and coworkers (13, 14) have presented evidence that one of the defects in 
the inherited disease, phenylpyruvic oligophrenia, is the inability to con-' 
vert phenylalanine to tyrosine, resulting in an accumulation of phenyl- 
alanine, phenylpyruvic acid, and phenyllactic acid. This suggests that 
L-phenylalanine metabolism normally proceeds mainly via tyrosine. 

The high degree of specificity of this enzyme system makes it improb- 
able that it catalyzes the numerous other aromatic hydroxylations carried 
out in animal tissues. Structural considerations suggest that 8-2-thienyl- 
alanine and cyclohexylalanine are probably inhibitors of the competitive 
type. The failure of cyclohexylglycine and cyclohexylaminobutyric acid 
to inhibit indicates that there is some specificity with regard to inhibitors, 
perhaps determined by the alanine portion of the molecule. 

The enzyme system which catalyzes the conversion of phenylalanine te 
tyrosine is apparently not a simple one. The requirements of the system 
for both oxygen and pyridine nucleotide suggest that at least two enzymes 
are involved. The variation in the ratio of DPN activation to TPN ac 
tivation under different conditions indicates a further degree of complexity. 

Raper (15) has shown that H,Oz2, in the presence of Fe**, can convert 
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phenylalanine to tyrosine. However, the failure of catalase to inhibit and 
H,O, to stimulate this preparation would seem to rule out a peroxidative 
type of system. 

Further studies on the properties of the catalytic system and on the 
reaction mechanism will have to await the purification and fractionation 
of the enzymes involved in the reaction. 


We wish to thank Mr. Carroll T. Clark for his valuable technical 
assistance. 


SUMMARY 


1. Surviving liver slices and extracts catalyze the conversion of L-phenyl- 
alanine to tyrosine. 

2. The enzymatically formed tyrosine has been identified by isotopic 
and chromatographic procedures. 

3. A soluble system has been obtained from rat liver which, in the pres- 
ence of DPN and oxygen, can catalyze the conversion of L-phenylalanine 


to tyrosine. 

4. The enzyme system is highly specific. p-Phenylalanine and many 
derivatives and homologues of L-phenylalanine are unable to substitute 
for L-phenylalanine as substrate in this oxidation. 
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CYTOCHEMICAL STUDIES 


IV. PHYSICAL STATE OF CERTAIN RESPIRATORY ENZYMES OF 
MITOCHONDRIA 


Br GEORGE H. HOGEBOOM axv WALTER C. SCHNEIDER 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, September 4, 1951) 


As reported previously (1, 2), the disruption of isolated liver mitochon- 
dria by means of intense sonic oscillations resulted in the release of a rela- 
tively large amount of soluble protein as well as in the inactivation to a 
varying extent of several enzyme systems associated with the intact par- 
ticles. Of the enzyme systems studied, cytochrome oxidase and DPN'!- 
cytochrome reductase were affected to a relatively slight degree (1). Cen- 
trifugal fractionation of the sonically disintegrated preparations revealed 
that somewhat over one-half of the activity of these two “insoluble” sys- 
tems could be sedimented at centrifugal forces up to 150,000 & g. A con- 
siderable proportion of the total activity (30 to 34 per cent) remained, 
however, in the supernatant after high speed centrifugation (1). The lat- 
ter finding has emphasized the importance of further attempts to study 
the physical state of such particulate-bound enzymes. 

Examination in the analytical centrifuge of the enzymatically active 
supernatants later demonstrated that, in addition to the presence of several 
components having sedimentation constants within the usual range for 
proteins (3.7 to 12 S (Svedberg units) (2)), there was some polydisperse 
material that sedimented more rapidly, consisting of particles with sedi- 
mentation constants of approximately 25 S and greater. In view of this 
observation, it seemed possible that the enzyme systems in question were 
actually associated with these slowly sedimenting but still highly complex 
particles. Accordingly, experiments were devised to investigate further 
the state of cytochrome oxidase and DPN-cytochrome reductase, as well 
as of cytochrome c, in preparations of sonically disintegrated mitochondria. 
The results of these experiments are reported in the present paper. 


Methods 
Preparation and Fractionation of Sonically Disintegrated M itochondria— 
Young, adult Sprague-Dawley rats were sacrificed by neck dislocation and 
their livers perfused with cold 0.25 m sucrose. Homogenates in 0.25 m 
sucrose, containing 12.5 gm. of liver per 100 ml. of homogenate, were 
' DPN is diphosphopyridine nucleotide. 
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prepared and fractionated as described previously (3). In each experi- 
ment the mitochondria were isolated from 200 ml. of homogenate, washed 
three times, and finally suspended in 16 ml. of 0.25 m sucrose (Preparation 
M, TableI). An aliquot (13 ml.) of the mitochondrial suspension was then 
subjected to sonic vibrations for 30 minutes (Preparation Ms, Table I) in 
a Raytheon magnetostriction oscillator, type R-22-3, at a plate voltage 
of 110. The temperature was maintained at 0-2° during this treatment 
by pumping a water-alcohol mixture at —2° as rapidly as possible through 
the cooling jacket of the oscillator. All subsequent steps of the fractiona- 
tion procedure were also carried out at 0-2°. 12.6 ml. of Preparation Ms, 
which contained relatively few intact mitochondria, were then centrifuged 
for 30 minutes at 50,740 r.p.m. (average centrifugal force, 150,000 xX 4g) 
in the type A preparative rotor of the Spinco model E ultracentrifuge. 
The entire supernatant (Fraction 8,), including a reddish brown layer 
that had concentrated in the bottom third of the tube but had not com- 
pletely sedimented, was withdrawn. The firmly packed, brownish, opaque 
pellet was resuspended in 12.6 ml. of 0.25 m sucrose, resedimented by cen- 
trifugation at 50,740 r.p.m. for 1 hour, and finally resuspended in 4.2 ml. 
of the sucrose solution (Fraction Sd,, Table I). The supernatant (Frae- 
tion S8,) was diluted to 12.6 ml. and recentrifuged at 50,740 r.p.m. for 
1 hour, yielding a reddish brown, transparent pellet and a clear, yellow 
supernatant (Fraction S., Table I). The pellet was redispersed in 12.6 
ml. of 0.25 m sucrose, resedimented by centrifugation for 1 hour at 50,740 
r.p.m., and resuspended in 4.2 ml. of the sucrose solution (Fraction Sd,, 
Table I). The supernatant from this centrifugation (Fraction Wsd,, 
Table I) was also saved, since a portion of the pellet was not firmly packed! 
and was withdrawn with the supernatant. 

Determination of Enzyme Activity—Cytochrome oxidase was determined 
spectrophotometrically at 25° by a method not hitherto published and 
based on the manometric procedure of Schneider and Potter (4). The 
reaction mixture (volume, 3.00 ml.) contained 1.05 K 10~‘ m cytochrome 
c of which approximately 70 to 80 per cent was in the reduced form; 0.033) 
M potassium phosphate buffer, pH 7.4; 4 AICI,; and (added last) 
a suitable dilution of each enzyme preparation. The content of reduced 
cytochrome c in the blank cuvette, which contained all components of the 
reaction mixture except enzyme, was adjusted at a lower level, so that the 
initial optical density of the reaction mixture containing enzyme was 
approximately 0.5 to 0.6 when read against the blank. The reaction was’ 
followed for 4 to 5 minutes at 1 minute intervals by recording the decline 
in optical density at 550 mu. No appreciable oxidation of cytochrome ¢ 
occurred in the absence of enzyme. With the Beckman spectrophotometer 
available and with cuvettes of 1 em. light path, it was possible to operate 
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at a slit width of 0.12 mm. The cytochrome c (Sigma Chemical Company) 
gave optical densities in the oxidized and reduced states at 550 my cor- 
responding to extinction coefficients of 0.90 X 10’ and 2.87 X 10? sq. cm. 
per mole. Use of these figures was made in calculating the cytochrome 
oxidase activities (Table I). 

The cytochrome ¢ was reduced in a stock solution containing buffer and 

AIC]; by the addition of 1 equivalent of ascorbic acid (Merck, U.S. P.). 
This mixture was allowed to stand at room temperature for 30 minutes, 
then chilled to 0°, and aerated. Aliquots were equilibrated at 25° before 
each enzyme determination. When kept at 0°, no appreciable oxidation 
of cytochrome c in the stock solution occurred over a period of at least 8 
hours. 
Several remarks concerning the cytochrome oxidase determination are 
probably in order. It is obvious that any direct spectrophotometric assay 
for cytochrome oxidase is complicated by the fact that a high concentration 
of reduced cytochrome c is required to saturate the system. In the pres- 
ent method, the concentration of reduced cytochrome c was placed at as 
high a level as was compatible with a relatively narrow slit width and 
with a workable range of optical densities through which the reaction could 
be followed.2 At the slit width employed (0.12 mm., corresponding to a 
spectral band width of approximately 4 my), the increase in optical den- 
sity at 550 my on complete reduction of cytochrome c was found experi- 
mentally to be 92 per cent of that obtained at a slit width of 0.03 mm. 
The values for cytochrome oxidase activities in Table I have been cor- 
rected accordingly. Under the conditions of the present method of assay, 
the rate of oxidation of cytochrome ¢ was linearly proportional to enzyme 
concentration and declined only slightly (less than 15 per cent) over a 4 
minute period. The average rate for the initial 4 minute period was used 
in calculating the cytochrome oxidase activities. It may be mentioned 
that the spectrophotometric method possessed the advantage of avoid- 
ing the rather troublesome blank due to autoxidation of ascorbate in the 
manometric procedure. The Q values obtained by the two methods (ef. 
(1)) are comparable if adjustment is made for the fact that the spectro- 
photometric assay was carried out at a lower temperature. 


? Later experiments have demonstrated that it is possible to carry out the eyto- 
chrome oxidase determination at considerably higher concentrations of reduced 
cytochrome ¢ (about 3 & 10°' mw) and at narrow slit widths (about 0.02 mm.) if the 
light path through the cuvettes is reduced to 1.0 mm. by means of a quartz insert. 
Under these conditions a higher enzyme concentration is required, and a linear rate 
is obtained only if the system is saturated with oxygen. The slit width obtain- 
able under the conditions of the present method of enzyme assay can also be re- 
duced by the use of a 10,000 megohm load resistor in the phototube cireuit of the 
spectrophotometer. 
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The determination of DPN-cytochrome reductase was carried out spec. 


trophotometrically at 25° essentially as described previously (5, 6). The 
reaction mixture (volume, 3.00 ml.) contained 0.033 m potassium phosphat 
buffer, pH 7.4; 0.027 m nicotinamide; 10~* m KCN, 6.7 X 10-5 m oxidized 
cytochrome c; 1.1 X 10-‘ m reduced DPN (DPNH,), sodium salt; and 
enzyme. The blank contained all components except enzyme. The r 
action was followed by recording the rate of increase in optical density # 
550 mu. 

In view of Lehninger’s finding (7), which has been confirmed in this 
laboratory, that DPNH: prepared by Ohlmeyer’s procedure (8) usually 
contains considerable amounts of inorganic salts, presumably sodium sulfite 
and sulfate, it was felt desirable to eliminate the inorganic contaminants 
as completely as possible. Accordingly, the sodium salt of DPNH: wa 
prepared from DPN, purity 0.90 (9), by the procedure of Ohlmeyer, except 
for omission of the final step. The yield was 74 per cent and the purity 
0.72. A 237 mg. sample of the sodium DPNH; was treated with 3 ml. ¢ 
0.2 m Ba(OH)s, chilled, centrifuged to remove insoluble barium salts, and 
the supernatant passed at 3° through a column of Dowex 50 (sodium form) 
with water as the eluant. The column dimensions were 18 cm. in length 
and 1 cm. in diameter. The sodium salt of DPNH: was precipitated from 
the effluent by the addition of 10 volumes of cold absolute ethanol, washed 
with ether, and dried in vacuo over P,O;. The slightly yellow final produc 
weighed 196 mg. and contained 81 per cent sodium DPNH; and no demon- 


strable barium or sulfate. Since the compound probably contained tightly 


bound water (8), the actual purity may have been somewhat higher. Al 
measurements of DPNH: content were based on an extinction coefficient 
of 6.27 X 10° sq. cm. per mole (8). The compound was dissolved in 0.) 
m K:HPO, and the solution neutralized to pH 7.4 with 0.5 m KH,P0, 
immediately before use in the enzyme determination. 

Determination of Cytochrome c—Cytochrome c was isolated from the 


original mitochondria and mitochrondrial fractions and was determined! Was 


spectrophotometrically as described by Rosenthal and Drabkin (10). | 


Determination of Nitrogen——Total nitrogen was determined by the micro 
Kjeldahl procedure of Ma and Zuazaga (11). 


RESULTS AND DISCUSSION 


In a number of recent experiments involving high speed centrifugation 
of concentrated mitochondrial suspensions that had been subjected te 
sonic oscillations in several different media, including water, 0.01 m potas 
sium phosphate buffer (pH 7.4), and 0.25 m sucrose, it was noted that 
reddish brown material was concentrated in the lower part of the centrifugt 
tube above the firmly packed pellet. This material, which was not ob 
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served in earlier experiments with less concentrated mitochondrial sus- 
pensions (1), produced only slight opalescence of the supernatant and, 
because of the high gravitational forces used (150,000 x g for 30 to 40 
minutes), obviously consisted of particles of either small size or low density. 
Examination in the analytical centrifuge of the lower portion of the super- 
natants revealed the presence of several, apparently discrete particulate 
components, the slowest sedimenting of which had a sedimentation con- 
stant of approximately 25 S. Preliminary experiments, in which these 

particles were isolated by prolonged centrifugation at 150,000 
Xx g, showed that they contained both cytochrome oxidase and DPN- 
cytochrome reductase in a considerably higher concentration than did the 
original preparations of sonically disintegrated mitochondria. The frac- 
tionation procedure described above was therefore aimed at isolating as 
many of these particles (Fraction Sd.) as possible and at the same time 
providing for their adequate separation from the larger mitochondrial 
fragments (Fraction Sd,) and from soluble compounds. It may be pointed 
out, however, that a considerable but unknown proportion of the material 


was both incorporated in the pellet represented by Fraction Sd, and re- 


mained in the supernatant, Fraction S;. Thus the actual amount of Frac- 
tion Sd, in the original preparations of disintegrated mitochondria was 
undoubtedly much larger than the total nitrogen value of Table I would 


Table I summarizes the average results obtained in two typical experi- 


‘ments. It can be seen that cytochrome oxidase was not entirely stable 


to the action of sonic vibrations, an average of 27 per cent of the activity 
of the original mitochondria (Preparation M) having been lost during that 
treatment. The use of media other than 0.25 m sucrose, e.g. water or 
0.01 m potassium phosphate buffer (pH 7.4), resulted, however, in con- 
siderably greater inactivation of cytochrome oxidase than that shown in 
Table I. The DPN-cytochrome reductase activity, on the other hand, 
was slightly increased by sonic vibrations. This has been a consistent 
| finding for concentrated suspensions of mitochondria, whereas in more 
dilute preparations some inactivation of DPN-cytochrome reductase has 
occurred (1). 

Perhaps the most striking aspect of the data of Table I is the pronounced 
difference in the distribution of cytochrome oxidase and DPN-cytochrome 
reductase among the fractions obtained from sonically disintegrated mito- 
chondria. Although both enzymes were concentrated to a considerable 
extent, in terms of total nitrogen, in the slowly sedimenting particles 
(Fraction Sd.), the extent of recovery of the two enzyme systems in Frac- 
tions Sd, and S, was reversed. ‘Thus Fraction Sd, contained a large pro- 
portion of the original cytochrome oxidase and a small proportion of the 
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original DPN-cytochrome reductase; the opposite was true for Fraction 
S.. This finding clearly indicates that the two enzymes were associated 
with particles of different sedimentation rates. 

The recovery of cytochrome c in Fractions Sd,, Sd, and S, was generally 
similar to that of cytochrome oxidase, although the extent of concentration 
of cytochrome c in Fraction Sd: was less than that of the enzyme system, 
and the over-all recovery was somewhat low. It is of interest, however, 
that cytochrome c, a soluble protein of relatively low molecular weight, 


Taste I 


Cytochrome Oxidase, DPN-Cytochrome Reductase, Cytochrome c, and Nitrogen Content 
of Mitochondria and Fractions Obtained from Sonically Disintegrated 


Mitochondria 
Cytochrome oxidase DPN-cyochrome reductase Cytohrome ¢ 
Total® | Percent) | Totals Per Og | Total | cent | 7 Pt 
of M | 
me. 7 
M 81.6 | 1540 18.9 | 355 4.35 | 812 1100 | 10.0 
Ms 81.6 | 1120! 100 | 13.7! 377 100 4.62 
Sd, 25.8  530| 47.3 20.6! 68 | 18.0 404 49.7 15.7 
Sd, 10.6 | 330 29.4) 31.1 140 | 37.2 13.2 | 145 | 17.9) 13.7 
40.5' 150, 13.4) 3.7! 156 41.3) 3.85) 106 | 13.0) 2.6 
ESd,,Sde,S2, 79.7 | 1026 91.5 393 | 104.2. 655 | 80.6 
Wsd; | | | 
| 


* Micromoles of cytochrome c oxidized per minute. 
t Micromoles of cytochrome c oxidized per minute per mg. of N. 
t Micromoles of cytochrome c reduced per minute. 
§ Micromoles of cytochrome c reduced per minute per mg. of N. 


should be firmly bound to particulate material and apparently in close 
association with cytochrome oxidase. Additional evidence in support 4, 
the latter view, as opposed to an alternative explanation that cytochrome 
c was associated with particles by way of coincidence, ¢.g. through adsorp 
tion, arose from investigations of the succinoxidase activity of preparations 
of sonically disintegrated mitochondria. ‘Thus almost the entire succinox 
dase activity was recovered in a sedimentable fraction corresponding te 


Fraction Sd, of Table 1 (1). Furthermore, the succinoxidase activity 


this fraction in the absence of added cytochrome ¢ was later found to be 
48 per cent of the activity in the presence of added cytochrome c, a finding 
demonstrating that the cytochrome ¢ of the particles was biologically 
active (ef. (12)), thus indicating that there is a close spatial relationship 
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between cytochrome c and the entire system, including cytochrome oxidase, 
that is capable of the aerobic oxidation of succinate. 

It would, of course, be of considerable interest to obtain sedimentation 
diagrams of the cytochrome oxidase and DPN-cytochrome reductase of 
sonically disintegrated mitochondria. By this means it would be possible 
both to determine whether the two types of particles behave as mono- 
disperse systems and to estimate their sedimentation constants. Such 
data can be obtained by partial sedimentation and sampling at successive 
levels of the centrifuge tube. It has been our experience, however, that 
the angle centrifuge, because of side wall interference and convection, 
does not provide sufficient resolution for experiments of this type. Other 
methods, involving relatively undisturbed sedimentation, are being ex- 
plored. 

SUMMARY 


A study is reported of the distribution of cytochrome oxidase, DPN- 
evtochrome reductase, and cytochrome c among fractions obtained by 
differential centrifugation of preparations of sonically disintegrated liver 
mitochondria. 

Both cytochrome oxidase, which was partially inactivated by sonic oscil- 
lations, and DPN-cytochrome reductase were concentrated in a fraction 
consisting of polydisperse particulate material sedimentable by 1 hour's 
centrifugation at 150,000 X g. Examination of all fractions indicated, 
however, that the rate of sedimentation of the particles containing DPN- 
cytochrome reductase was considerably lower than that of particles con- 
taining cytochrome oxidase. The distribution of evtochrome c among the 
fractions was generally similar to that of cytochrome oxidase. Evidence 
was presented suggesting that the cytochrome c of mitochondria is in close 
association with the suecinoxidase and eytochrome oxidase systems. 
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EFFECT OF METHYL DONORS ON 4-AMINOIMIDAZOLE-5- 
CARBOXAMIDE IN ESCHERICHIA COLI 


By ERNST D. BERGMANN, BENJAMIN E. VOLCANI, anv 
RUTH BEN-ISHAI* 


(From The Weizmann Institute of Science, Rehovoth, Israel) 
(Received for publication, March 15, 1951) 


From the discovery of Stetten and Fox (1) and Shive et al. (2) that in 
sulfonamide-inhibited Escherichia coli 4-aminoimidazole-5-carboxamide 
(“amine’’) accumulates, the latter authors have inferred that the ‘“amine’”’ 
| is an intermediate in the formation of the purine bases, but no proof has 
been given for this contention, nor is it clear from which source the single 
carbon atom (C,) necessary for the completion of the purine structure is 
derived. Gots (3) with FE. coli and Greenberg (4) with pigeon liver prepa- 
rations have concluded that the “amine” may well be an abnormal by- 
product formed because normal metabolic pathways are blocked by sul- 
fonamides. Schulman ef al. (5), however, have shown with pigeon liver 
homogenates that the “‘amine”’ is converted into hypoxanthine. 

It is generally assumed that in higher animals and yeast the C, atom 
of the purine system (e.g., in uric acid (6, 7), in hypoxanthine (8), or in 
guanine (9)), as well as the Cs atom, is derived from formate or the 8- 
carbon of serine. 

In the present communication, the origin of C, in the biosynthesis of 
| the purines by Z. coli has been studied. It was hoped that the elucidation 
of this point would shed some light on the mode of action of the sulfona- 
mides and of their antagonist, p-aminobenzoic acid (PABA). A brief 
summary of the results of this investigation has been published elsewhere 
(10). 


EXPERIMENTAL 


Cultures and Media—FE. coli B was carried as a slant culture on the min- 
eral medium described by Ravel ef al. (11), supplemented with 20 y per 
ml. of glycine, 100 y per ml. of glutamic acid, and 2 per cent agar. For 
the preparation of inocula, a small amount of surface growth from a 16 
hour culture was suspended in sterile 0.9 per cent sodium chloride solution 
toa turbidity reading 160 of the Klett-Summerson photoelectric colorime- 
ter (red filter No. 64). Each experimental culture of 4 ml. was inoculated 


* This paper forms part of a thesis presented by Ruth Ben-Ishai to The Hebrew 
University, Jerusalem, in partial fulfilment of the requirements for the degree of 
doctor of philosophy. 

521 


522 EFFECT OF AMINE ON E. COLI 


with 1 drop of this suspension. The basal medium used for assay wa 
that of Ravel et al., as described above, but without agar. 

Tested materials were added in the desired concentrations to 2.0 ml. o 
the double strength medium in 18 X 150 mm. Pyrex culture tubes. The 
cultures were then diluted with distilled water, capped, and autoclaved a 
15 pounds pressure for 15 minutes. Sulfadiazine (SD), 2-chloro-4-amino 
benzoic acid, N-formyl-p-aminobenzoic acid, formic acid, and formaldehyde 
were added aseptically from a glass-filtered sterile solution freshly prepared 
in distilled water. The concentration of sulfadiazine used in all the ex. 
periments was 5 y per ml. Cultures were incubated at 37° for 24 hour 
and their turbidity was determined with the Klett-Summerson photoelee- 
tric colorimeter as above. All experiments were carried out in duplicate. 

4-Aminoimidazole-5-carboxamide (“amine”) was determined by the 
method of Bratton and Marshall (12) as modified by Rosenthal and Bauer 
(13). 2-Chloro-4-aminobenzoic acid, N-formyl-p-aminobenzoic acid, ethi- 
onine, and S-(n-butyl)-homocysteine (“‘butionine’’) were prepared accord- 
ing to Weizmann (14), Zehra (15), Kuhn and Quadback (16), and Berg. 
mann (17), respectively. 


Results 


Relation between Growth Inhibition and “Amine” Accumulation As Afj.- 
fected by Sulfadiazine and p-Aminobenzoic Acid—Cultures with and without 
SD were incubated at 37°; turbidity and “‘amine’’ were determined at 4 
hour intervals. 

Fig. 1 shows that the action of the drug on the bacterial growth begins 
only after 4 hours, while the accumulation of the “amine” sets in immedi- 
ately. Its quantity increases rapidly for 8 hours, very much more slowly 
for another 8 hours, and then begins to decrease slightly. 

As shown in Fig. 2, addition of increasing amounts of PABA to cultures 
containing SD increases growth, while “amine”’’ accumulation decreases. 

Origin of Single Carbon Atom for Completion of “‘Amine”’ to Purine Skele- 
ton—Betaine (up to 250 y per ml.), creatinine (12.5 to 1250 y per ml.), 
choline (up to 12.5 y per ml.), and sarcosine (75 to 200 y per ml.), alone 
or in the presence of 0.025 y per ml. of PABA, had little or no effect on 
the formation of the “amine” by sulfadiazine-inhibited EF. colt. 

Higher concentrations of choline (up to 250 y per ml.) led both to a 
slight increase of growth and to a decrease of “amine” accumulation; 
this decrease is somewhat more pronounced in the presence of 0.025 y per 
ml. of PABA. 

High levels of betaine and sarcosine increased growth slightly, without 
affecting amine accumulation. 

pL-Serine, in amounts up to 25 y per ml., either showed no effect on 


pe 
SD. 
ami 
slig 
of | 


E. D. BERGMANN, B. E. VOLCANI, AND R. BEN-ISHAI 523 


HOURS 
Fic. 1. Kinetics of growth and “amine” accumulation of sulfadiazine-inhibited 
E. coli. Curve 1, growth without SD; Curve 2, “‘amine"’ accumulation without 
8D, Curve 3, growth in the presence of 5» per ml. of SD; Curve 4, “amine” aceumu- 
} Af-f lation in the presence of 5 > per ml. of SD. 
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jon; Fig. 2. Effect of PABA on growth and “amine” accumulation of sulfadiazine (5 
y per ml.)-inhibited BE. coli. Ineubated 24 hours at 37°. Curve 0, growth without 
8D; Curve 1, growth with SD; Curve 2, “amine” accumulation. 


10utf amine accumulation (glycine present) or increased such accumulation 
slightly (glycine absent). The latter effect is weakened by the presence 
of PABA. 
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Unlike the preceding compounds, methionine, together with traces ¢, #0 p 
PABA (0.025 y per ml.) counteracted growth inhibition and greatly de| acid 
creased “amine” accumulation caused by SD (Fig. 3). In the absence a] simi 
PABA, the decrease of the “amine” is much less pronounced, while th} E 
growth stimulation remains similar to that observed in the presence | inhil 
PABA. achi 

In concentrations of 0.025 to 1 y per ml., folic acid has no effect on the| hibit 
sulfadiazine-inhibited bacterium when grown either in the absence or pres-| onin 
ence of methionine. ml., 

show 


Effect of Methionine Antagonists—If the methionine is indeed the source 
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OL- METHIONINE, y PER ML. 

Fic. 3. Effect of pt-methionine, with and without PABA, on the growth au Fy 
“amine” accumulation of sulfadiazine (5 y per ml.)-inhibited BE. coli. Curve 0, diasi 
growth without SD; Curve 1, growth without PABA; Curve 2, “‘amine’’ accumulas- Care 
tion without PABA; Curve 3, growth in the presence of 0.025 y per ml. of PABA; latio 
Curve 4, “‘amine”’ accumulation in the presence of 0.025 y per ml. of PABA. 


of the single carbon atom C:, an antagonist of methionine synthesis (18) P®" 
such as 2-chloro-4-aminobenzoic acid should produce “amine” in the ab- “8% 
sence of the sulfonamide. nT 

In quantities above 50 y per ml., 2-chloro-4-aminobenzoic acid':? gradu- with 
ally inhibited growth, permitting a maximum “amine” accumulation at > - 

‘It was found that the inoculum used in the above experiments failed to yield of 4p, 
growth inhibition in the presence of 2-chloro-4-aminobenzoic acid, ethionine, and I 
butionine. The following inoculum was, therefore, employed. A 24 hours old eu *" 
ture was grown in the liquid medium described by Ravel et al., centrifuged, resus SY 
pended in 10 ml. of sterile saline solution, and further diluted 1:200 in saline. From | of e 
this, 1 drop was inoculated into each test-tube. : acter 

? Autoclaving decomposes the aromatic amino acid, perhaps through loss of the by § 
chlorine atom. Such facile dehalogenation has already been observed by Weitz i wi 
mann (14). 
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ces ¢, 0 per cent of the full growth (100 y per ml. of 2-chloro-4-aminobenzoic 
ly de| acid). The amounts of “amine” formed exceeded those produced at a 
nce gj similar level of growth inhibition caused by SD. 

le th} Ethionine, which is an antagonist of methionine uéilization,' gradually 
ace of| inhibited growth in amounts above 100 y per ml., complete inhibition being 
achieved at 500 y per ml., but no “amine” accumulated in any of the in- 
yn the} hibiting concentrations. PABA showed no effect on the inhibition. Ethi- 
 pres-| onine, added to sulfadiazine-inhibited EF. coli in quantities above 5 y per 
ml., intensified the growth inhibition produced by sulfadiazine. Fig. 4 
ource | shows that ethionine, like methionine, in the presence of PABA (0.025 y 
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20 40 60 80 
L-ETHIOMNE,g PER ML. 
‘Fic. 4. Effect of pt-ethionine on the growth and “amine” accumulation of sulfa- 
ad diazine (5 y per ml.)-inhibited EZ. coli in the presence of 0.025 y per ml. of PABA. 
ama. Curve 0, growth without SD; Curve 1, growth with SD; Curve 2, “amine” accumu- 
’ lation. 


(18) per ml.) greatly decreased the “amine” accumulation caused by sulfa- 


bad The somewhat unexpected behavior of ethionine suggested experiments 
ady- “ith a higher homologue, butionine (S-(n-butyl)-homocysteine).' It had 
n at ® Slight inhibitory effect on growth only above 500 y per ml. Evidently 
___ its structural difference from methionine is too great to induce any response 
~ of the living cell. 
influence of Vitamin B,z—In view of the recently (19) emphasized anal- 
esus- &Y between the action of methionine and that of vitamin B,:, a number 
‘rom | of experiments were carried out with the latter. It partially counter- 
acted the growth inhibition and the accumulation of the “amine” induced 
Aig by SD. In contradistinction to methionine, this is true even in cases 
in which the growth inhibition exceeded 50 per cent. While counteraction 
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of growth inhibition is independent of the quantity of vitamin By» em. 
ployed above 0.00025 y per ml., the depression of ‘“‘amine’’ accumulation 
is proportional to the vitamin B,. concentration in the range from 0.0002; 
to 0.0025 y per ml. (Fig. 5, Curves 1 and 2). pi-Methionine suppressed 
the effect of vitamin B;. on “amine” accumulation (Fig. 5, Curves 3 and 4). 
Influence of Possible C, Compounds on Accumulation of “‘Amine”’— 


form in which the “labile methyl” group is transferred in biological re. 
36 
@---------------04 


0 i i i i i i 0 
0 8 16 24 
B15 y PER ML. 
Fic. 5. Effect of vitamin B,, on the growth and “‘amine”’ accumulation of sulfa- 
diazine (5 y per ml.)-inhibited £. coli in the presence and absence of pL-methionine. 
Curve 0, growth without SD; Curve 1, growth (identical in the absence and in the 


presence of 12 and 75 y per ml. of methionine); Curve 2, ‘“‘amine’’ accumulation in 


the absence of methionine; Curve 3, ‘“‘amine’’ accumulation in the presence of 12 4 
per ml. of methionine; Curve 4, “‘amine’’ accumulation in the presence of 75 y per 
ml. of methionine. 


actions is not definitely known (20, 21). In the present case, formic acid 
(0.01 to 25 y per ml.), formaldehyde (up to 7.5 y per ml.), and hexamethyl- 
enetetramine (0.005 to 5 y per ml.) did not show any significant effect on 


growth or “amine” accumulation. Also acetic acid (100 to 1000 y per} i 


ml.) had no effect on growth, but a slight enhancing effect on “amine” 
formation (22). N-Formyl-p-aminobenzoic acid’ gave a response similar 
to that of PABA, but was only one-fifteenth as active as the latter. 


* The absence of free PABA in this compound was tested with a PABA-requiring 
mutant (ATCC 9723a) of E. coli according to Lampen et al. (23). Full growth was 
obtained at 10 y per ml. of the N-formyl! derivative as compared to that of 0.1 y per 
ml. of PABA. Since the PABA and N-formyl-PABA growth curves were not parallel 


along the various concentrations of the two compounds, it can be concluded that) ; 


N-formyl-PABA was essentially free of PABA. 
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DISCUSSION 


The most striking results of the experiments reported in this paper are 
(a) the unique ability of methionine to counteract the accumulation of the 
“amine,”’ while all the other possible “‘methyl donors’”’ prove to be with- 
out any influence, and (b) the fact that this action of methionine occurs 
only in the presence of traces of PABA. Recently, Mackenzie (24) has 
shown that in higher animals, too, methionine appears to play a réle in 
the synthesis of the purine skeleton. 

The importance of this amino acid for FE. coli is underlined by the ob- 
servation that 2-chloro-4-aminobenzoic acid, which is known (25, 26) as 
an inhibitor of methionine formation, increases the accumulation of the 
“amine.”’ Equally, ethionine, known to be an antagonist of methionine 
utilization (27-30), is a synergist of sulfadiazine in EF. coli (31). The 
fact that, in the presence of PABA, ethionine counteracts sulfadiazine 
exactly as does methionine is in keeping with recent observations by Stekol, 
Weiss, and Weiss (32) indicating either that the bacterial cell is capable of 
synthesizing, from ethionine, homologues of those metabolites which are 
normally produced from methionine, or that, in the course of the transfer, 
the cell degrades the ethyl group to a C; compound. 

It seems reasonable to assume that the réle of PABA is that of a carrier 
for the single carbon atom (“labile methyl”) which is withdrawn from the 
methionine molecule and is transported to the “amine” molecule, and it 
is possible that the bacteriostatic effect of the sulfonamides is based on 
their ability to combine with the single carbon atom, as PABA does, but 
It is 
interesting that sulfadiazine gives very complex reaction products (33) 
with formaldehyde. 

The lack of a strict correlation between the “amine” accumulation and 
the growth of the bacteria bears out the findings that the action of the 
sulfonamide is not confined to the accumulation of the “amine.” Growth 
inhibition is, therefore, not always a measure of the amount of the “amine” 
present or of its conversion to purine base. 

The observation that vitamin B,, acts quantitatively like methionine 
is in accord with the results of Davis and Mingioli (19) and Stekol and 
Weiss (34), who have stressed the importance of vitamin By in the syn- 
thesis and utilization of labile methyl groups in rats. However, the ex- 
periments recorded here show that the modes of action of vitamin By, 
and methionine are not identical: used separately, each decreases the 
“amine”’ accumulation, but applied together they interfere with each other’s 
activity. 

The present discussion is based on the tacit assumption that the “amine” 
is the product of a blockage and not of a diversion in the normal synthetic 
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activities of the cell. Under conditions that alleviate “amine” accumula 
tion, purine bases do not accumulate, as they inhibit the formation ¢ 
further “‘amine.”” This has been shown by Gots (3) and by experiment: 
in this laboratory. 

The assumption made may not seem to be in accordance with the ob 
servation, also made quite recently by Gots (3), that synthetic “‘amine” 
added to a growing culture of EF. coli was not significantly utilized. Ther 
has, indeed, been some controversy on the problem as to whether, under 
normal conditions, the “amine’”’ occurs as such or in the form of a glyco 
side (4, 5, 35, 36), a point which has been raised in a more general way 
and for higher organisms in a classical paper by Plentl and Schoenheimer 
(37). If the glycoside hypothesis is correct, vitamin B,, may be in. 
volved in the biosynthesis of this glycoside, as Wright ef al. (38) have 
assumed for Lactobacillus lactis; this would be in keeping with the ob- 


servations of Kitay et al. (39) and Shive ef al. (40). 

The experimental evidence for the assumption that the “amine” is an 
intermediate and not a side product of the biosynthesis of purines in 
E. coli is the subject of the accompanying communication. 


SUMMARY 


1. The effect of compounds containing “labile methyl’”’ groups on the 
accumulation of 4-aminoimidazole-5-carboxamide (‘‘amine’’) by, and on 
the growth of, sulfadiazine-inhibited Escherichia coli has been studied. 
pL-Methionine, in the presence of catalytic quantities of p-aminobenzoic 
acid, suppresses the accumulation of the ‘‘amine’”’ and increases the growth 
of the organism. 

2. 2-Chloro-4-aminobenzoic acid increases the amount of “amine” 
formed. Ethionine, in the presence of catalytic amounts of PABA, acts 
similarly to methionine. S-(n-Butyl)-homocysteine (butionine) is inactive. 

3. Folic acid has no effect on the sulfadiazine-inhibited bacteria; vita- 
min B,: acts like methionine. 

4. There is not a strict correlation between growth inhibition and| 
“amine”? accumulation under the influence of sulfadiazine. | 
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ROLE OF 4-AMINOIMIDAZOLE-5-CARBOXAMIDE IN PURINE 
SYNTHESIS BY ESCHERICHIA COLI 


By ERNST D. BERGMANN, RUTH BEN-ISHAI,* ano 
BENJAMIN E. VOLCANI 


(From The Weizmann Institute of Science, Rehovoth, Israel) 
(Received for publication, June 23, 1951) 


In a previous communication (1) it has been shown that the accumula- 
tion of 4-aminoimidazole-5-carboxamide (‘‘amine’’) in sulfadiazine-inhibited 
Escherichia coli is suppressed by the addition of methionine and catalytic 
quantities of p-aminobenzoic acid (PABA), and it was assumed that the 
“labile methyl” group of the sulfur-containing amino acid is used, with 
the help of PABA as carrier, for the completion of the “amine” structure 
to the purine skeleton. The implication that the “amine” is a precursor 
of the purines still required experimental proof. 

In the present investigation, an attempt was made to solve the question 
by the use of purine-requiring mutants of EZ. coli. If it could be shown 
that these mutants respond to the “amine”’ in a similar manner as to 
purines, it could be concluded that the “amine”’ is converted into purines. 
This is, indeed, the case. 

The utility of 4-formamidoimidazole-5-carboxamide, 4-acetamidoimi- 
dazole-5-carboxamide, formamidomalonamidamidine hydrochloride, and 
aminomalonamidamidine dihydrochloride as precursors of the purine bases 
also was tested, and the effect of PABA, folic acid, and vitamin B,z on 

the biosynthesis of the purines was studied. 

_ Some of the results have been briefly reported elsewhere (2). 


EXPERIMENTAL 


Cultures and Media—The E. coli purine-requiring mutants M55B-46 
(fast adenine, slow xanthine), M55B-75 (fast adenine or xanthine), M45B-4 
(fast adenine, negative xanthine), and M43-25 (adenine slow), kindly 
supplied by Dr. B. D. Davis, were carried as slant cultures on the mineral 
medium described by Davis and Mingioli (3), supplemented with 0.2 per 
cent yeast extract. For the preparation of inocula, a small amount of 
surface growth from an 8 hour culture was suspended in sterile 0.9 per cent 
sodium chloride solution to a turbidity reading 60 on the Klett-Summerson 
photoelectric colorimeter (red filter No. 64) and was then further diluted 


* This paper forms part of a thesis presented by Ruth Ben-Ishai to The Hebrew 
University, Jerusalem, in partial fulfilment of the requirements for the degree of 
doctor of philosophy. 
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1:33 in saline. Each experimental culture of 5 ml. was inoculated with 
1 drop of this suspension. The basal medium used was that of Davis and 
Mingioli (3) but without agar. 

Tested materials were added in the desired concentrations to 2.5 ml. ¢ 
the double strength medium in 18 X 150 mm. Pyrex culture tubes. Th 
cultures were then diluted with distilled water, capped, and autoclaved 
at 15 pounds pressure for 15 minutes. 4-Aminoimidazole-5-carboxamid 
hydrochloride (“‘amine” (4)), 4-formamidoimidazole-5-carboxamide (5). 
4-acetamidoimidazole-5-carboxamide, formamidomalonamidamidine _ hy. 
drochloride (4), aminomalonamidamidine dihydrochloride (4), and vitamin 
Biz were added aseptically from glass-filtered sterile solutions freshly pre. 


pared in distilled water. The cultures were incubated at 37° for 18, 2 
24, or 40 hours and their turbidity was determined as described abore| 
All experiments were carried out in duplicate. 

4-Acetamidoimidazole-5-carboramide—A mixture of 700 mg. of 4-amino} 
imidazole-5-carboxamide hydrochloride, 340 mg. of sodium acetate, 0.5 
ml. of acetic anhydride, and 1.5 ml. of glacial acetic acid was heated for 
half an hour at 70° and for a further half hour at 100°. The solution was 
concentrated to dryness in vacuo; 5 ml. of water were added-and the solid 
product filtered and recrystallized from water; m.p. 220°. 


Analysis—C,H,O,N,. Calculated. C 42.6, H 4.7, CHsCO 25.5 


Found. ~ BS 
The compound does not react with diazonium salts. 
Results 


Growth Response of Mutants to ‘‘Amine’”’ in Presence and Absence of Pur. 
ine Bases—Mutants M55B-46 and M55B-75 utilized the “amine” in- 
stead of adenine; the utilization was somewhat enhanced by 4 y per ml. o 
adenine (Table I). Other purine bases showed effects similar to adenine. 
Mutants M45B-4 and M43-25 did not utilize the “amine,” even after 6 
hours of incubation. 

Rate of Utilization of Adenine and “Amine” by Mutant M55B-46—Oi 
the various mutants tested, M55B-46 responded most actively to the 
“amine;” it was, therefore, used to compare the rates of utilization of the 
“amine” and of adenine. When the organism was grown in the presence 
of adenine, full growth was obtained after 18 hours of incubation. Fig. ! 
shows that the utilization of the “amine” takes much longer than that d 
adenine. 

Fig. 2 shows that the utilization of the “amine” is enhanced by vitamin 
Bis, especially at levels above 15 per cent of full growth. The vitamin had 
no effect on the utilization of any of the purine bases. 
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Neither PABA (0.02 to 2 y per ml.) nor folic acid (0.005 to 0.5 y per 


ml.) showed any influence on the utilization of the “amine” similar to that 
of vitamin B,2, nor did either enhance the stimulatory effect of the latter. 
Taste I 
Growth Response of Purineless Mutants of E. Coli to ‘‘Amine”’ in Presence and 
Absence of Adenine 

| Turbidity readings* 
M ‘Time of 
| jo 4 per y per mi 4 y per per mi. 
M55B46 #=W 90 90 30 90 90 90 90 
M55B-75 Ww 70 90 33 55 62 70 9 
M45B-4 40 0 0 40 40 40 40 40 
M43-25 48 0 0 30 40 45 22 
* Full growth = a turbidity reading of 90. NN eee ae 


4-AMINO-IMIDAZOLE-S-CARBOXAMIOE, PER ML. 

Fic. 1. Growth of an E. coli purineless mutant in the presence of ‘‘amine”’ at vari- 
ous periods of incubation. Curve 1, after 18 hours; Curve 2, after 20 hours; Curve 3, 
after 24 hours. 


In view of the recently emphasized analogy between the action of me- 
thionine and vitamin By, (3) and the ability of the former to counteract 
the accumulation of the “amine,” the effect of pt-methionine on the utili- 
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zation of “amine” by the mutant M55B-46 was studied. Fig. 3 shows 
that methionine decreases the utilization of the ‘‘amine”’ significantly, that 
of adenine slightly. The effect is not significantly altered by PABA, folic 
acid, or vitamin Bi. 

Growth Response of Mutant M55B-46 to 4-Formamido- and 4-Acetamido- 
imidazole-5-carboramide—The utilization of the formyl derivative, a pos. 
sible intermediate in the synthesis of the purines, is greater than that of 
the “amine,” leading to 60 per cent of full growth with 60 y per ml. of 
“formylamine” in 20 hours; larger quantities of the formyl derivative 
failed to raise the growth above this level (Fig. 4). Suboptimum doses 


40 


20° 
-~ 
10 — 
0 i i 
0 002 a2 2 20 


Bi. X10-* PER ML. (LOG SCALE) 


Fic. 2. Effect of vitamin By, on the growth of an EZ. coli purineless mutant in the 
presence of ‘‘amine’’ or adenine. Curves 1 and 2, with 100 and 140 y per ml. of 
“amine,” respectively; Curve 3, with 4 y per ml. of adenine. 


of the purine bases enhance the utilization of the “formylamine,” while 
vitamin B,., PABA, and folic acid have no effect. 

The mutant did not respond to the acetyl derivative of the “amine” 
in concentrations of 20 to 500 y per ml., either alone or in combination with 
purine bases, vitamin By, folic acid, or PABA. 

Aminomalonamidamidine dihydrochloride and formamidomalonamidam- 
dine hydrochloride, which differ from the “amine” by 1 carbon atom in the 
case of the former and by the absence of the ring in the case of the latter, 
might be precursors of the “amine” and thus of the purine bases. In 
some experiments, concentrations of 400 to 600 y per ml. of the former 
yielded full growth after 40 hours of incubation. These results, however, 
were not constant, and may be due to back-mutations induced by this 
compound. The formamidomalonamidamidine yields growth only to the 
extent to which it is actually converted into the “amine” during incubation. 
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0 10 20 30 40 so 60 
OL-METHIONINE, f PER ML. 
Fic. 3. Effect of pt-methionine on the growth of an E. coli purineless mutant in 
the presence of ‘‘amine’’ or adenine. Curves 1 and 2, with 120 and 150 y per ml. of 
“amine,”’ respectively; Curve 3, with 8 y per ml. of adenine. 
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in the 
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FORMYLAMINE, y PER ML. 
a Fic. 4. Growth response of an E. coli purineless mutant to 4-formamidoimidazole- 


S-carboxamide in the presence and absence of adenine. Curve 1, 14 y per ml. of 
adenine (full growth); Curve 2, formyl compound; Curve 3, 4 y per ml. of adenine 
plus the formyl compound. 
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DISCUSSION 


Of the four purineless mutants of E. coli investigated, two utilized the 
“amine;” viz., one-fifteenth and one-thirtieth as efficiently as they did the 
purine bases. In the presence of suboptimum amounts of the purines, a 
sparing effect exists. 

These findings appeared to contradict those of Gots (6); however, more 
recently, when the same strain as that employed in the present investi- 
gation was used, he also found the “amine” to be utilizable (7). The 
conclusion that the “amine” can serve as a precursor of the purines in 
E. coli appears valid, as it has also proved correct for yeast (8), Lacto- 
bacillus arabinosus (9), pigeon liver homogenates (10), and in a purineless 
mutant of Ophiostoma (11). 

The completion of the purine skeleton by incorporation of C2, which | 
resembles a known chemical synthesis of purines (12-14), is most probably 
an enzymatic effect, similar to that produced by the formylase of Knox 
and Mehler (15); it appears that for this reaction a coenzyme is required, 
which might be vitamin B,.. This vitamin increases the rate of utiliza- 
tion of the “amine,” but has no stimulating effect on the growth of the 
purineless mutant in a medium containing purine bases. 

It seemed of interest to pursue the question one step further and to 
study the utilization of 4-formamidoimidazole-5-carboxamide by the mu- 
tant. The substance was found to be twice as active as the “‘amine,” 
but, in contradistinction to the “‘amine,”’ it failed to cause more than 60 
per cent of full growth. The, however limited, utilizability of the 4-form- 
amidoimidazole-5-carboxamide recalls the results of Schulman e¢ al. (10) 
with pige... uver homogenates; these authors have demonstrated the par- 
ticipation of formic acid in the synthesis of hypoxanthine from the “amine.” | 
Also Eakin (16) has stated that for some bacteria the effectiveness of 
the “amine’’ as a purine substitute is enhanced by formic acid. 

In the conversion of 4-formamidoimidazole-5-carboxamide into purine 
bases, not only are folic acid and PABA inactive, but, in contradistinction 
to the case of the ‘“‘amine,”’ vitamin B,, is also inactive. From these ob- 
servations, it can be concluded that there are two possible pathways in 
the synthesis of the purine nucleus: either the “amine” is converted into 
the purines with the help of vitamin B,2, by-passing the formyl compound, 
or the “amine”’ is converted into the purine bases through its N-formy! 
derivative and vitamin B,, is necessary for the formylation, but not the 
cyclization, step. Indeed, vitamin B,2 has already been recognized as 4 
mobilizer of methyl groups and seems particularly apt to facilitate the 
participation of C, compounds in biosyntheses. 

In view of the easy cyclization of the formyl compound to hypoxanthine 
under laboratory conditions, it was necessary to prove that the observa- 
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tions recorded here are not due to the presence of hypoxanthine in the 
preparation of 4-formamidoimidazole-5-carboxamide used in the experi- 
ments. However, neither bioassay nor chromatography of the formyl 
compound, according to Vischer and Chargaff (17) and Shaw (5), showed 
any trace of inhomogeneity. In control experiments, the presence of 10 
per cent of hypoxanthine in the formyl compound could be detected by 
the chromatographic method. 


The authors are indebted to Dr. B. D. Davis for the cultures of the 
purine mutants used in this investigation. 


SUMMARY 


1. Purineless mutants of Escherichia coli have been found which utilize 
4-aminoimidazole-5-carboxamide (‘“‘amine’’) instead of purines. Vitamin 
Bi: increases the rate of this utilization. 

2. 4-Formamidoimidazole-5-carboxamide is twice as active as the 
“amine” in replacing the purine bases. Vitamin B,: has no effect on the 
utilization of the formyl compound. 

3. 4-Acetamidoimidazole-5-carboxamide, aminomalonamidamidine, and 
formamidomalonamidamidine are not utilized by the purineless mutants 
of E. coli. 

4. It is concluded that the “amine” is the precursor of the purine bases 
in E. coli. 
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A NEW AND BIOLOGICALLY DIFFERENT FORM 
OF VITAMIN B,.* 


By U. J. LEWIS, D. V. TAPPAN, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) | 


(Received for publication, August 9, 1951) 


Since the isolation of vitamin B,, in 1948 (1, 2), numerous forms of the 
vitamin have been reported. Vitamins By, (3) and By» (4, 5) are now 
known to be identical (6, 7) and to contain a hydroxyl group in place of a 
eyanide radical in the molecule (8). The hydroxyl group can also be 
replaced by other anions to yield forms of vitamin B,,. with slightly dif- 
ferent physical properties (9). A more highly oxygenated variation of the 
vitamin, designated By, has been isolated from Streplomyces griseus 
culture broths (10). However, all these forms show the same biological 
activity as vitamin B,. when measured by animal growth responses. 

In attempts to determine whether vitamin B,. could completely re- 
place the animal protein factor, Stokstad et al. (11) found that a concen- 
trate from the fermentation liquors of Streptomyces aureofaciens gave a 
greater growth response in chicks than crystalline vitamin By. From 
this they drew the conclusion that the chicken requires an unidentified 
factor in addition to vitamin By. Combs et al. (12) have similarly re- 
ported the existence of four unidentified substances in a refined liver paste 
which promote rapid early growth in chicks. They believe that two of 
these factors are different forms of vitamin By, while the other two are 
not identical with any of the known vitamins. These factors were de- 
tected by comparing the growth responses of Lactobacillus leichmannii 
and of young chicks to different fractions of the liver paste. 

By means of paper chromatography Wijmenga' has shown that a vit- 
amin By-like material (B,2,,) isolated from pig manure is different from 
vitamin B,z. The absorption spectra are very similar, however, and no 
mention is made as to the growth-promoting ability of this manure factor. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. A preliminary report on this work was given at the 119th meeting of 
the American Chemical Society, Cleveland, Ohio, April, 1951. We are indebted to 
Merek and Company, Ine., Rahway, New Jersey, for crystalline vitamins including 
Vitamin By. 

'Wijmenga, H. G., N. V. Organon, Oss, Netherlands, from a thesis; by personal 
communication. 
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We wish to report in this paper the isolation of a vitamin B,,-like ma- 
terial from the fecal matter of rats which has physical and biological prop. 
erties different from those of vitamin Biz. Possible relationships between 
this new compound and the above forms of vitamin Bi: will be considered. 


EXPERIMENTAL 


Relationship of Dietary Cobalt and Vitamin B,, in Rat—The basal ration 
used in this study was of the following composition: corn-meal 46, soy 
bean meal 46, salt mixture 2,? corn oil 5, cystine 0.3 per cent. The vita- 
mins were added in the following amounts: thiamine hydrochloride 03, 
riboflavin 0.3, niacin 2, pyridoxine hydrochloride 0.2, calcium pantothenate 
2, choline chloride 100, folic acid 0.025, biotin 0.01, inositol 10, and p-ami- 
nobenzoic acid 12.5 mg. per 100 gm. of ration. 2 drops of halibut liver 
oil were given each rat weekly. When cobalt was fed, it was given as the 
sulfate at a level of 100 mg. per kilo of ration. Vitamin B,2 (Cobione), 
when administered, was given by injection at a dosage of 0.15 y per day. 
Male weanling rats (Sprague-Dawley strain), within a weight range of 
40 to 45 gm. at the start of an experiment, were employed. The total 
average gain in weight during the first 4 weeks of growth was used as a 
measure of activity. Each test group consisted of ten animals. 

Body storage of vitamin B,2 activity was determined by the micro. 
biological assay of Thompson et al. (13) in which L. letchmannit is used as 
the test organism. The organs and tissues analyzed were removed from 
the rats after decapitation and homogenized in a Waring blendor, and an 
aliquot was incubated with 25 mg. of trypsin per 0.5 gm. of sample for 
30 hours at 37° under a layer of toluene. The urine and feces were 
handled in a similar manner. The digested aliquot was then diluted and 
the vitamin B, activity measured. 

The data presented in Table I indicate that by increasing the amount 0 
inorganic cobalt in the diet of a rat no growth response was obtained, while 
vitamin B,: produced a definite increase in growth. 

That there was no change in the body stores of vitamin Bi» activity 
when cobalt was fed is shown in Table II. The amount of activity pres 
ent in the liver, kidney, spleen, muscle tissue, and urine remained essen- 
tially the same whether extra cobalt was present or absent. However, 
it is important to note that dietary cobalt more than doubled the quantity 
of vitamin B,: activity of the feces as measured microbiologically. 

The vitamin B,, content of various portions of the digestive tract 
rats was then determined. The animals used for the experiment were 
fed the corn-soy bean basal ration either with or without added cobalt 


? Salts IV; Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol 
Chem., 188, 459 (1941). 
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‘e ma-| for 4 weeks before the intestinal tract was removed and analyzed. The 
| Prop-} microbiological procedure described previously was used to measure the 


dered. Taste I 
Growth Response in Rat to Inorganic Cobalt 


6, Soy om. 
le ‘“ + CoSO,, 100 mg. per kilo 118 
henate| + Vitamin Biz, 0.15 y per 164 
p-ami- 
t liver TaB_e II 
as the Vitamin B,2 Content of Rat Tissues after Cobalt Feeding As Measured by 
yione), L. leichmannii 
r day. Activity as vitamin Biz, wet weight 
nge of Sample | 
d as a + per 100 gm. ¥ per 100 gm. 
Muscle. 3 3 
TOM! Feces 160 390 
ind a} Urine 2-3 mygm. per day 
ale for} —— 
were TaB.e III 
od and} = Vitamin By; Content of Rat Digestive Tract As Measured by L. leichmannii 
Activity as vitamin Bis, wet weight 
unt of Portion of tract 
, while No cobalt | Cobalt 
tivj per 100 gm. | per 100 gm. 
200 510 
wever,) Colon es 410 825 
entity} Feces............... 390 760 


t were) ten animals in each group. The data in Table III indicate that an in- 
cobalt; crease in activity was produced along the entire length of the tract when 
1 Biol cobalt was fed, but the greatest concentration was not found until the 
cecum was reached. This strongly suggests bacterial synthesis. 


A in, 
act of} Vitamin By. activity. The results represent the values obtained with 
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Since cobalt feeding resulted in a very high concentration of vitamin 
Bi. activity in the intestinal tract with no increased body storage o 
growth response, it was thought desirable to test the fecal matter in a rat 
assay for vitamin By. The possibility existed that the activity being 
produced was not absorbed because of its formation too far down in the 
gut. 

Growth-Promoting Ability of Fecal Matter Activity—The rat assay used 
has been described in detail in a previous paper (14). Male, weanling rats 
are placed on a corn-soy bean meal basal ration containing 0.1 per cent 
iodinated casein* for a 2 week depletion period. At the end of this time 
supplements are administered for another 2 week period, during whieh 
the growth response is followed. Cobione was used as a standard (15). 
Ten rats were used for each sample tested. 

Activity in the chick was also determined. Day-old chicks (twelve per 
group) were raised on a purified, low folic acid ration (16) for a 2 week 
depletion period. The growth rate was then recorded during the fol- 
lowing 2 weeks while supplements were being made by injection. 

Crude concentrates were made of the feces of rats that had received 
dietary cobalt. These were first analyzed microbiologically and then ad- 
ministered to the assay animals at a level of 0.15 y per day. This amount 
of vitamin B,,. produces a near maximum response in the rat assay. How- 
ever, it was found that only about one-third of the vitamin By. activity 
of the feces as measured by L. leichmannii could be detected by the rat 
assay. This was the first discrepancy found in values obtained by the 
two assays. Previously, a comparative study of the vitamin By» content 
of numerous materials (17) had been made with the two procedures and 
no significant differences were encountered. Growth data for these crude 
preparations are not presented. However, the growth responses produced 
in both the rat and chick when given the final crystalline material isolated 
from the feces are presented in Table IV. (The isolation procedure & 
outlined later.) This material failed to elicit a growth response in the 
rat even when given in an amount equivalent to 6 times the amount o 
vitamin B,. needed for maximum growth. The partial activity of the 
crude concentrates as contrasted to the complete inactivity of the isolated 
material can be attributed to the presence of vitamin By. in the crudet 
preparations. The ability of the material to produce a growth respons 
in the chick was comparable to that of vitamin By». 

Study of Fecal Material by Strip Chromatography—To obtain further 
evidence that the vitamin B,. activity of the feces was not due to vitamin 
By alone, partition chromatography on paper was tried. The bioaute 


Supplied by Dr. W. R. Graham, Cerophyl Laboratories, Ine., Kansas City 
Missouri. 
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graphic technique was used to detect areas of activity on the strips (18, 
19). The sample to be tested was spotted on strips of Whatman No. 1 


filter paper. Approximately 1 y of active material was used in each run. 
The strips were developed by the descending method with n-butanol 
TaBie IV 
Growth Response of Rat and Chick to Material Isolated from Feces 
Average growth, 2 wk. period 
Group No. Supplement 
Rat Chick 
gm. sm. 
1 None 43 (18)* 164 
2 0.15 y fecal material per day 39 (21)* 194 
3 0.15 “* vitamin By, per day 78 193 


* Groups 1 and 2 were continued for a 3rd week. The level was increased to 
0.9 y per day for Group 2 during this week. The numbers in parentheses indicate 


the gain during the 3rd week. 


ACTIVE 


CAL 
STANCE ‘ 
Fic. 1. Chromatographic development of the active fecal substance and vitamin 


Bis. 


saturated with water for a period of 72 hours at 25°. This length of time 
was necessary to produce a difference in the fecal activity chromatogram 
4s compared to that of vitamin By. If, for instance, an 18 hour develop- 
ment period was used, vitamin B,, would form only a doublet zone (19) 
and the fecal compound would remain stationary at the origin. Fig. 1 
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*} shows the results obtained when the longer period was used. Vitamin 


Bi: formed two zones of growth, while the crystalline fecal material pro- 
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duced three. Ry, values could not be calculated, since the solvent was 
allowed to run off the strips; so, instead, the distance a spot moved from 
the origin was measured. For vitamin Bj, these distances were 0.5 and 
10 cm., respectively, for the slow and fast moving spots. The values for 
the fecal compound were 0.5, 4, and 9 cm. Woodruff and Foster (20) 
have reported this separation of crystalline vitamin B,: into two spots 
when chromatographed and have shown that the slowest moving spot is 
vitamin By», and the faster one, vitamin B,.. Thus, vitamin B2 is par- 
tially converted to vitamin B,» during the development of the chromato- 
gram. It appears, then, that the first and third growth areas obtained 
with the fecal material are due to vitamins B,, and By», respectively. 

There may be two explanations for the occurrence of the three zones 
with the fecal compound. First, the material is not homogenous, but 
rather contains some vitamin B,: as a contaminant which produces the 
first and third spots. The second area of growth alone is then due to the 
new compound. Or secondly, the chemical nature of the material is such 
that a conversion to vitamin B,. can take place while it is being chromato- 
graphed. At this time it cannot be said which of these two explanations 
is the correct one. 

Absorption Spectrum Study—The absorption spectrum of the fecal ma- 
terial was compared with that of vitamin B,. over the range of 200 to 600 
mu in water at pH 7. A Beckman quartz spectrophotometer (mode 
DU) was used. The spectra are shown in Fig. 2. The fecal material has 
definite maxima at 360 and 550 my with inflections at 265, 342, 460, and 
525 mu. Only after further work can it be said with certainty that the 
crystalline product is homogenous and that this is definitely the absorp- 
tion spectrum. However, after five recrystallizations and repeated chro 
matographing on a silica column with n-butanol and water, the absorptica| 
spectrum did not change. The material was likewise incubated with 
crystalline trypsin, purified, and recrystallized, but with no effect on the 
absorption spectrum. 

Fractionation Procedure—The following procedure was used in the iso 
lation of the vitamin B,.-like material from the fecal matter of rats fed 
the corn-soy bean meal diet supplemented with 100 mg. of cobalt sulfate 
per kilo of ration. Because of the many similarities in physical propertie 
of the material to vitamin B,., the fractionation procedure for vitamin 
By. published by Fantes et al. (21) was invaluable in this work. 

Immediately after collection, the feces were dried and ground. The 
material was stored until a sufficient quantity was gathered to make the! 
fractionation work practical. A 5 kilo batch of dried feces yielded ap- 
proximately 6 mg. of active material. The dried fecal matter was first 
extracted with boiling water on a large Biichner funnel. The hot water 
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‘a was poured over the material while a suction was applied to increase the 
Mm} filtration rate. Extraction was continued until the extracts changed from 
nd} a very dark brown to an amber color. This water extract was then evap- 
for} orated to a thick syrup under diminished pressure. 95 per cent ethanol 
0)} was added to precipitate a dark brown proteinaceous material, which 
ots] was removed by suction filtration. ‘The alcohol was removed by distil- 
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fed| Fic. 2. Absorption spectra in water of the active fecal substance and vitamin B,, 


fate lation under a vacuum. ‘The activity was next adsorbed on norit (50 gm. 
tie! for every kilo of original dried feces used) by stirring 1 hour at pH 6 at 
mit room temperature. norit was removed by filtration and washed 
three times with water to remove the less strongly adsorbed impurities. 
The These washings together with the filtrate were discarded. Hot 65 per 
the cent ethanol eluted the activity from the norit. After concentration the 
4P| step involving norit adsorption was repeated with 25 instead of 50 gm. of 
ts! norit per kilo of original material. The eluate was again concentrated 
ate! and the solution was passed through a column of activated alumina mixed 
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with Filter-Cel (2:1). A large percentage of the impurities was held back, | both 
while the active substance passed through. At this point the concen. } the « 
trate was basically yellow in color with a pink tinge. However, when this} teria 
solution was concentrated and chromatographed on a silica column with 
n-butanol and water as the solvent system, the yellow color was removed 
as a fast moving band, while the pink color was concentrated in a narrow] 4 
band near the top of the column. The pink band was cut out and eluted | pon 
with 65 per cent ethanol and rechromatographed. A homogenous band } },;,), 
was obtained. The material of this pink band could then be crystallized 
from aqueous acetone. The crystalline material is red in color and in 4} vita, 
concentrated water solution is more orange than vitamin By. As men-| 4), 
tioned previously the absorption spectrum of this material could not be} y,, , 
changed by repeated crystallizations, rechromatographing on silica, or by} ipo 4; 
digestion with trypsin. | oT™! 

DISCUSSION 


The possibility that this material from the feces is identical with vita-| yia7 
mins Bis, Bix, Bise, or Biz, can be eliminated. The first three of these 
forms have equal growth-stimulating properties in L. leichmannii and the 
rat, while the fecal compound does not produce a growth response in the 
rat. As for vitamin B,.,,, it is not known whether this form is active for 
the rat. Its behavior when chromatographed on paper is different from} 
the fecal factor, however. 

One or more of the unidentified chick factors mentioned in the intro- 
duction may prove to be identical with this fecal factor, since it does 
promote growth in the chick. 

The distribution of the fecal vitamin B,.-active compound in natural 
materials is not known. It is quite certain that this form of vitamin By 
is not stored in the liver of rats to any great extent, since the rat and 
microbiological assays yield comparable values for the vitamin By,» con- 
tent of this organ. The form of vitamin B,, in beef liver seems to be fully 
active for the rat also. The more sensitive technique of paper chroma- 
tography will have to be applied to study the wider distribution of this, 
material. 

Whether this material is an intermediate in vitamin B,. synthesis in ~ 7 
the intestinal tract, an excretion product of vitamin By, or a definite 2 @, 
biologically active compound in its own right can likewise only be ance 
tained after further study. Since this fecal material appears to be @ |. The 
bacterial origin and because extremely high levels of vitamin By» ar (I 
needed to overcome the cobalt deficiency disease of sheep (22), it wa) ~ he 
thought that possibly this new form of vitamin B,: is the one actually) 15, Rey 
needed by the sheep. Preliminary work with the rumen contents from E. 
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both normal and cobalt-deficient sheep indicates that this may well be 
} the case. The rat assay value for vitamin B,, content of the rumen ma- 
terial was only one-third the value obtained microbiologically. 


SUMMARY 


A vitamin B,.-active material present in the fecal matter of rats has 
been isolated. The compound has growth-promoting properties for L. 
leichmannii but is inactive in this respect for the rat. The growth re- 
sponse of the chick to the material is comparable to that of crystalline 
vitamin Bu. 

An increased production of this factor in the intestinal tract of rats 
was noted when inorganic cobalt was fed. The material is not stored in 
the liver of the rat to any great extent. 

The new vitamin B,.-active form moves differently from vitamin B,. 
when chromatographed on paper. 

The absorption spectrum of the material is not identical to that of 
vitamin By». 
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DETERMINATION OF FOLIC ACID AND CITROVORUM 
FACTOR IN ANIMAL TISSUE* 


By L. 8. DIETRICH, W. J. MONSON, HELEN GWOH, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, September 8, 1951) 


Much work has been done on the liberation of bound folic acid from 
tissues of animal origin. In general, there exist in animal tissues two 
distinct conjugase systems. One has an optimum pH around 7 and is 
present in such tissues as rat liver (1-3) and chicken pancreas (2, 4, 5). 
| The other has a pH optimum around 4.5 and is present in a wider range 
of tissue. Hog kidney is a notable example (4, 6, 7). 

Upon the demonstration that the Leuconostoc citrovorum factor stimu- 
lated the growth of both Streptococcus faecalis R and Lactobacillus casei, 
the two organisms generally used in the microbiological assay of folic 
acid, and in view of the structural and metabolic similarities of these two 
substances, it became apparent that the whole field must be reinvesti- 
gated in respect to the components of the total liberated microbiological 
activity before further studies could be undertaken on the metabolic func- 
tions of these components. This paper deals with a comparison of the 
total L. citrovorum and S. faecalis activity released by autolysis from 


EXPERIMENTAL 


| §. faecalis activity (FA) was determined with S. faecalis R and the 
medium of Luckey et al. (8). L. citrovorum activity (CF) was determined 
with the medium of Sauberlich and Baumann (9) with L. citrovorum 8081 
as the test organism. An 18 hour turbidimetric assay was employed in 
all cases. 

Disodium phosphate-citric acid buffers (MaclIlvaine) were employed 
throughout. In general the following procedure was used: The animals 


* Published with the approval of the Director of the Wisconsin Agricultural 

Experiment Station. Supported in part by funds supplied by the Commercial Sol- 
vents Corporetion, Terre Haute, Indiana, by Swift and Company, Chicago, Illinois, 
and by the Research Committee of the Graduate School from funds supplied by the 
_ Wisconsin Alumni Research Foundation. 
) We are indebted to Merck and Company, Inc., Rahway, New Jersey, for some of 
the crystalline vitamins. The synthetic citrovorum factor (Leucovorin) was 
generously supplied by Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company, Pearl River, New York. 
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were decapitated and bled, and the tissues were removed immediately, 
rinsed in ice water, blotted, cut into small segments, and dropped into s 
dry ice-acetone mixture. The frozen tissues were then weighed and homo 
genized in 4 times their weight of cold distilled water in a Potter-Elvehjem 
homogenizer (10). 1 ml. of homogenate was then added to 10 ml. ¢ 
buffer, covered liberally with toluene, and incubated at 37° for 22 hours. 
After incubation, the pH was adjusted to around 7 with 5 Nn KOH. The 
samples were then boiled for 5 minutes in a boiling water bath, cooled, 
diluted to volume, filtered, and assayed. In the determination of the 
free CF and FA, the frozen homogenate was added to the buffer at pH 
7.0 and boiled immediately. In the incubation studies the procedure was 
the same except that the freezing step was eliminated. In all cases, dup- 
licate determinations were made on each animal. Stock animals main. 
tained on a typical stock ration were employed. 


Results 


Small amounts of free FA were found in the livers of three different 
species (Table I). On the other hand, at the levels assayed, no free CF 
was found. Thus it appears that in liver tissue all the measurable CT 
is bound. Values for FA and CF obtained upon autolysis of liver tissu 
from three different species are presented in Table II. The optimum pi 
for maximum release of FA was found to be 7.0, 4.5, and 4.5 for the rat. 
the chick, and the guinea pig, respectively. The optimum pH for releas 
of CF was found to be 4.5 and 5.5 for the chick and the guinea pig, respee- 
tively. However, in the case of the rat two peaks were obtained, the one 


at pH 4.5 and the other at pH 6.0. These results clearly show that under 
normal conditions both FA and CF are present in the livers of all three, 
species. Since good recoveries of both FA and CF can be obtained ané 
since, under the conditions of macerative blending employed throughout. 
little conversion of FA to CF occurs,' it may be assumed that the observa 
tions reported here are not due to conversion of FA to CF. 

Studies on the time of incubation necessary for maximum release ¢ 
CF are shown in Table III. In the case of both the rat and the chick 


Effec 
The 
in mic 


there was a sharp increase in activity during the first 2 hours. This wa 
in turn followed by a slower increase of activity, which leveled off around 
22 hours. After 30 hours there was a sharp decrease in activity. 

The tissue concentrations of FA and CF were determined for various 
tissues of the guinea pig, rat, and chick, with use of the optimum pH fe 
release. These results are presented in Table IV. Maximum release 
FA occurred at either pH 4.5 or 7.0, depending on the tissue and the spe 


' Unpublished data from this laboratory. 
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cies concerned. On the other hand, the optimum pH for maximum release 
of CF was found to occur at 6.0 or 4.5, depending, as in the case of FA, 


on the species and the tissue involved. 


I 
Free Folic Acid and Citrovorum Factor in Livers of Various Species 
All values are averages of three different animals run in duplicate. 


Species FA, per gm. fresh weight] CF, per gm. fresh weight 


<0.006 
<0.006 
<0.006 


Taste II 
Effect of pH on Concentration of S. faecalis and L. citrovorum Activity in Liver Tissue 
The values are in micrograms per gm. of fresh weight and are averages of four 


different animals run in duplicate. 


Rat Chick Guinea pig 

Ck FA CF FA CF FA CF 

ISSUE 

1 pH 4.5 0.60 0.28 10.12 2.90 6.15 1.05 

rath «5.0 0.58 0.20 : 3.95 1.25 

0.72 0.20 3.80 1.95 
6.0 0.80 0.32 0.30 0.20 1.80 0.95 

per 67.0 1.72 0.20 0.60 0.25 1.35 0.65 

> One 8.0 1.30 <0.01 0.40 0.02 

inder 

three, Taste III 


| an) Effect of Time of Incubation on Release of Citrovorum Factor from Liver Tissue 
hout. The CF values are averages of two animals run in duplicate and are expressed 
erva in micrograms per gm. 


Time of incubation 
se Liver 
chick, 0 hr. 2 hrs. Shrs. | 22hrs. 30 hes. 48 hrs. 
* wl Chick, pH 4.5. aie, 0.20 | 0.95 | 1.45 | 2.00 | 2.00 | 0.65 
Rat, pH 6.0... eco 0.15 | 0.85 | 1.05 | 1.40 | 1.45 } 0.15 
— i iasialiaiil of CF followed that of the FA activity. The largest 


amounts were found in the liver. Smaller concentrations were found in 
other tissues in the following decreasing order of activity: kidney, spleen, 
pancreas, and muscle. 

Enzymatic Release of CF—-Taka-diastase has long been used to release 
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FA from animal tissues (11). However, only a slight increase of CF was 
observed when boiled liver tissue was incubated with taka-diastase. Pep. 
sin and trypsin were also found to be ineffective in increasing the CF 
activity of animal tissues. 

Bioautographic Studies—By means of the procedure of Winsten and 
Eigen (12), modified by increasing the time of development to 50 hours, 
bioautographic studies were carried out on extracts of liver tissues incu. 
bated at the optimum pH for maximum release of CF. In all three spe. 
cies, rat, chick, and guinea pig, the CF released by autolysis was identical: 
i.e., the same Rp values were obtained regardless of whether the optimum 


TaBie IV 
Optimum pH for Autolytic Release and Concentrations of S. faecalis and L. 
citrovorum Activity in Various Tissues 
The figures in parentheses represent the number of observations. Duplicate 
determinations were made in all cases. 


Total FA activity | — Total CF activity 
— 
Per gm. fresh 

| 7 i 7 
4.5 | 0.65 4.5 0.23 
Guinea pig kidney (3)... 6.0 0.09 
Chick pancreas (2)................... 7.0 | 0.43 4.5 0.21 
7.0 0.24 4.5 0.08 
Guinea pig spleen (3)............ Ee? 4.5 0.18 6.0 0.01 
4.5 0.03 6.0 0.01 | 


pH was 4.5 or 6.0. These values in turn correspond very closely to thos 
obtained with the CF standard (Leucovorin, Lederle). Furthermore, sine 
only one spot appeared when synthetic CF was added to the tissue extract. 
it can be assumed that the active substances in the extract and the stand 
ard are identical or so closely related that separation could not be obtai 
by the methods employed. 


DISCUSSION 


The knowledge that FA occurs naturally, for the most part in conjugate 
forms, t.e. tri- and heptaglutamates, has led to speculation that CF ma 
occur similarly. The observation that maximum release of CF, in many 
animal tissues, occurs at a pH different from that at which maximur 
release of FA takes place, strongly suggests that in these cases the Ct 
moiety is bound in a manner different from that of FA. Thus, data rm 
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ported here indicate the possible existence of two general forms of bound 
|} CF, the one being released at a pH different from that of the tissue FA 
and the other being released at the same pH as the FA present. 

Preliminary data are presented which show that the measurable liver 
CF released at various H* ion concentrations is identical or similar to 
synthetic CF (Leucovorin, Lederle). This demonstrates that, under the 
conditions employed here,the measurable CF activity released from liver 
tissue by autolysis exists as one component and is very closely related 
to, if not identical with, synthetic CF. 


1. Maximum release of CF was obtained by autolysis at pH 4.5 or 6.0, 
depending on the tissue analyzed. The optimum incubation time was 
found to be 22 to 30 hours. 

2. No measurable quantity of CF was obtained when the tissues were 
frozen immediately upon removal. However, small quantities of FA were 
observed. 

3. The CF released from various liver tissues at various H* ion concen- 
trations was found, by means of chromatographic analysis, to be similar 
if not identical to synthetic CF. Under the conditions employed only 
the one active component was observed. 


BIBLIOGRAPHY 


1. Wright, L. D., Skeggs, H. R., and Welch, A. D., Arch. Biochem., 6, 15 (1945). 

2. Burkholder, P. R., McVeigh, I., and Wilson, K., Arch. Biochem., 7, 287 (1945). 

3. Olson, O. E., Fager, E. E. C., Burris, R. H., and Elvehjem, C. A., J. Biol. Chem., 
174, 319 (1948). 

4. Laskowski, M., Mims, V., and Day, P. L., J. Biol. Chem., 157, 731 (1945). 

5. Mims, V., and Laskowski, M., J. Biol. Chem., 160, 493 (1945). 

6. Bird, O. D., Bressler, B., Brown, R. A., Campbell, C. J., and Emmett, A. D., 
J. Biol. Chem., 1868, 631 (1945). 

7. Bird, O. D., Robbins, M., Vandenbelt, J. M., and Pfiffner, J. J., J. Biol. Chem., 
163, 649 (1946). 

8. Luckey, T. D., Briggs, G. M., Jr., Moore, P. R., Elvehjem, C. A., and Hart, 
E. B., J. Biol. Chem., 161, 395 (1945). 

9. Sauberlich, H. E., and Baumann, C. A., J. Biol. Chem., 176, 165 (1948). 

10. Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 

ll. Cheldelin, V. H., Eppright, M. A., Snell, E. E., and Guirard, B. M., Unie. Teras 
Pub., No. 4287, 15 (1942). 

12. Winsten, W. A., and Eigen, E., J. Biol. Chem., 184, 155 (1950). 


um 
SUMMARY 
| 
hose 
ract 
and: 
rated 
ma! 
ni, 
un 
a rel 


(From 


x 


Va 
of pe 
hexo: 
degr: 
(2) 
deca: 
clea\ 
supp 
that 
from 
eritie 
ism. 
of p 
limur 
mec! 
anal 
| Lact 
(per 
utr 
! 
| 


FERMENTATION OF 1-C%-p-XYLOSE BY LACTOBACILLUS 
PENTOSUS* 


By HOWARD GEST anv J. O. LAMPEN 


(From the Department of Microbiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, August 11, 1951) 

Various mechanisms have been proposed for the biological degradation 
of pentoses. On the basis of similarity of end-products from pentose and 
hexose fermentation, it has been suggested that the C, chain is converted 
toa C, chain by addition of a C, unit and that the resulting hexose is then 
degraded in the usual manner (1). A second theory proposed by Dickens 
(2) postulates stepwise shortening of the C; chain by a series of oxidative 
decarboxylations. As a third theory, several investigators have suggested 
cleavage of the pentose structure into C; and C; fragments (1, 3,4). Some 
support for the latter mechanism has been provided by the observation 
that Lactobacillus pentosus forms 1 mole each of acetic and lactic acids 
from xylose and other pentoses (3). In order to test this hypothesis more 
critically, we have studied the fermentation of 1-C'-p-xylose by this organ- 
ism. The results obtained strongly support the postulated initial cleavage 
of pentoses into C; and C; fragments. Since the publication of our pre- 
liminary observations (5), additional support for the occurrence of this 
mechanism has been furnished by Rappoport et al. (6) who obtained 
analogous results in studies on the fermentation of 1-C-L-arabinose by 
Lactobacillus pentoaceticus. 

Procedure 


Preparation of Cell Suspensions 

L. pentosus 124-2 was grown in a medium of the following composition 
(per 100 ml.): 0.4 gm. of Difco yeast extract, 1 gm. of Difco dehydrated 
nutrient broth, 1 gm. of sodium acetate, 0.5 ml. of Salts B,' and 1 gm. of 
D-xylose or p-glucose. The sugar was sterilized separately and added 
aseptically to the remainder of the medium. The stock strain of the 
organism was maintained in stab culture by frequent transfer in the above 

* This paper is based upon work sponsored in part by the Biological Department, 
Chemical Corps, Camp Detrick, Frederick, Maryland, under contract No. W-18-064- 
CM-241 with Western Reserve University, and in part under a contract (No. 
N6-ori-208, T. O. 1) administered by the Office of Naval Research for the Atomic 
Energy Commission. 

110 gm. of MgSO,-7H.0, 0.5 gm. of NaCl, 0.5 gm. of FeSO.-7H,O, and 0.5 gm. 
of MnSO,-4H,0 dissolved in 250 ml. of water. 
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medium with glucose and 2 per cent agar. Suitable resting cells for xylox 
fermentation were obtained by the following procedure. A tube of the 
liquid glucose medium was inoculated from the stab culture. After % 
hours at 37°, a subculture was made into the xylose medium. Since th 
growth on xylose is slower than in the glucose medium, subsequent trans 
fers were made at 36 hour intervals. After two transfers in the xyloe 
medium, the organisms were used for inoculation of large scale cultures 
Ordinarily, a 6 liter quantity of the xylose medium in a 10 liter Pyrer 
carboy was inoculated with 200 ml. of a 36 hour culture. 

At the time of harvesting, the pH of the culture was usually between 
4.5 and 5.0. The cells (1 to 1.5 gm., wet weight, per liter) were collected 
by centrifugation, washed twice with ice-cold 1 per cent KCl, and suspended 
in approximately 10 volumes of water. The cell suspensions were supple. 
mented with buffers, etc., and incubated as indicated in the individual 
experiments. 

Isolation and Analysis of Fermentation Products 
The products of 1-C"-p-xylose (synthesis described by Sowden (7) 


fermentation were separated and analyzed in the following manner. Sul-| 


furic acid (1 N) was added to the incubation mixture until the suspension 
was acid to Congo red. After dilution of the suspension to a known vol- 
ume, the cells were removed by centrifugation. An aliquot of the super- 
natant liquid was analyzed for residual xylose and in some instances for 
lactic acid. Xylose was determined as pentose (8) or as reducing sugar 
(9). Lactic acid was estimated by the Friedemann-Graeser procedure 
(10). 

Acetic Acid—A second aliquot of the supernatant liquid was adjusted 
to pH 1 to 2 with H,SO, and steam-distilled in the usual manner. The 
distillate was titrated with standard alkali (CO, was always first removed 
by refluxing). This solution was concentrated by boiling, again acidified, 
and redistilled. The acetic acid content of the redistilled fraction was 
determined by titration with KOH. The combined residues of the steam 
distillations were retained for isolation of lactic acid (see below). 

Acetic acid samples were usually degraded by the Schmidt reaction. 
The potassium acetate was decarboxylated with NaN, in 10 per cent 
fuming H:SO,, according to Phares’ modification (11) of the Schuerch and 
Huntress procedure (12). In this way, the carboxyl carbon is obtained 
as CO., whereas the methyl carbon is converted to CH;NH:. For radio 
activity assay, the CH;NH, was oxidized to CO, with persulfate by 4 
modification of the original method of Osburn and Werkman (13). The 
entire degradation procedure was checked with synthetic CH;C“OOH with 
satisfactory results. As an independent check on the location of C™ in 


Seif 


the 
| 
| how 
fate 

syst 

For 
wit 

of 
by | 

ditic 


H. GEST AND J. 0. LAMPEN 557 


the acetic acid molecule, samples were also degraded by pyrolysis of the 
barium salt (14). Residual BaCO;, representing the carboxyl carbon, was 
converted to CO, by addition of excess lactic acid. The acetone obtained 
from the decarboxylation was treated with NaOl, yielding CHI, which 
represents the methyl carbon of acetate. The CHI; was converted to 
CO and the latter oxidized to CO, with iodic sulfate, as described by 
Shreeve et al. (15). 

All CO, samples were trapped in alkali and converted to BaCO; by 
precipitation with BaCl, The BaCO, samples (3.5 to 9 mg. per sq. cm.) 
were assayed for C™ with an end window Geiger-Miiller counter and, in 
some instances, also with a low absorption counter (nucleometer). 

Lactic Acid—The combined residues from the two steam distillations 
were adjusted to pH 2 with H,SO, and extracted continuously with ether 
for 72 hours. A small amount of water was added to the ether extract 
and the ether removed by evaporation. The aqueous residue was filtered 
and analyzed for lactic acid. Crystalline pi-zine lactate was recovered 
from this solution as follows: The solution was decolorized by charcoal 
treatment and boiled with excess ZnCO, to form the zine salt. Residual 
ZnCO; was removed by filtration and the filtrate evaporated at 50-60° 
until crystallization began. After addition of an equal volume of alcohol, 
the solution was allowed to stand overnight to insure complete crystal- 
lization. The crystals of zinc (lactate),.-3H,0 were washed with 95 per 
cent alcohol, then with ether, and air-dried. For C™ assay, an aliquot of 
a solution of the zine salt was oxidized with persulfate and the resulting 
CO, counted as indicated above. 


Results 


Variation of Enzymatic Composition of Cells with Sugars Used for Growth 
—It was observed that cells grown on glucose formed acid rapidly from 
glucose but attacked xylose at a negligible rate. Cells grown on xylose, 
however, fermented both sugars at approximately equal rates. Typical 
rate curves illustrating these differences are shown in Fig. 1. 

These results clearly indicate that a high level of the xvlose-degrading 
system is dependent on the presence of xylose in the growth medium. 
For this reason, the subsequent experiments described here were performed 
with resting cells grown in the presence of xylose. A more detailed study 
of the nature and significance of adaptive patterns in pentose fermentation 
by this organism has been recently made by Lampen and Peterjohn (16). 

Xylose Degradation by Resting Cells—Several factors of importance in 
xylose degradation by resting cells were determined in a series of control 
experiments with unlabeled xylose. In this survey, the following con- 
ditions were generally used. Approximately 2 gm. of cells (wet weight) 
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were incubated at 37° with 1 ma of xylose and 0.4 to 0.5 mm of a mixed 
sodium and potassium phosphate buffer in a total volume of 20 ml. In 
all instances the mixture was maintained at the desired pH by addition 
of NaOH. 

The yield of acetic acid was not appreciably affected by a change d 
pH between 4.9 and 7.4 (1.09 to 1.16 mm). Lactic acid, on the other hand, 
was formed in somewhat smaller quantities in the range pH 5 to 6 (07 
mM) as compared with pH 7.4 (0.9 mm). It appears that changes in pH 
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Fic. 1. Influence of carbohydrate source used for growth on xylose and glucose 
utilization by resting cells. Acid production by cells raised in a 1 per cent xylose 
medium or in a 1 per cent glucose medium was followed by measuring CO, release 
from bicarbonate buffer. Each cup contained 100 mg. (wet weight) of fresh cells in 
2 ml. of 0.02 m NaHCO, and 0.2 ml. of substrate (0.1 m glucose or 0.3 Mm xylose). The 
gas phase was 5 per cent CO, + 95 per cent N». All values are corrected for the 
slight changes occurring without added substrate. 


do not markedly affect the fermentation pattern by resting cells, in con- 
trast to the results reported for growing cultures (Gunsalus and Niven 
(17)). 

After 1 hour of incubation under the conditions described above, ap 
proximately 90 per cent of the xylose was fermented and the remainder 
disappeared within the next 30 to 40 minutes. Experiments with 1-C* 
p-xylose were accordingly terminated after 90 to 100 minutes. The total 
acid production and the relative quantities of acetic and lactic acids pres 
ent at various times were found to correspond closely to the stoichiometry: 
1 xylose — 1 acetic acid + 1 lactic acid. 

The endogenous production of acids was also determined in several 
comparable experiments. Considering the cell densities employed, endog- 
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enous production is quite small (0.05 to 0.10 mM) and consists mainly of 
acetic acid. 

Results of a typical experiment with 1-C™-p-xylose are given in Table 
|. The products were isolated, purified, and degraded as described above. 
Purity of the twice recrystallized Zn (lactate),-3H,O isolated from the 
fermentation was established by analysis for lactic acid, zinc, and determi- 
nation of water of crystallization. 


Analysis—CgH (297.4) 
Caleulated. HO 18.2, ZnO 27.3, lactic acid 60.6 


I 
Fermentation of 1-C'*-p-Xylose by L. pentosus 
1 ms of 1-C'*-p-xylose was supplied to 2.0 gm. (wet weight) of cells in 20 ml. of 
0.02 m phosphate buffer. The mixture was incubated at 37° for 100 minutes, and 
the pH was maintained at approximately 7.3 by the addition of NaOH. 0.94 mu 
of xylose, containing 27,160 ¢.p.m. of C™, were fermented. C'* was determined with 
the nucleometer. The observed activities were corrected for self-absorption to an 
arbitrary plate thickness of 5 mg. per sq. em. with empirically established absorp- 
tion curves. 


Product | Total C¥ activity 


: * Corrected for endogencus production (0.06 mM). 
t The recovery of carboxyl C was 86 per cent. This is typical of the results 
obtained with this degradation procedure (11). 


The volatile acid fraction was chromatographed on a Celite column 
according to the method of Yale and Bueding (18) and found to contain 
mainly acetic acid, with a small amount of formic acid. 

From the results given in Table I, it is evident that the lactic acid 
contained a negligible amount of C™, whereas the acetic acid accounted 
for approximately 95 per cent of the activity. Degradation of the acetic 
acid by the Schmidt reaction showed that the carboxyl group contained 
no detectable radioactivity. Although considerable C™ was present in the 
CH,NH, (derived from the CH, of acetic acid), difficulty was encountered 
in obtaining an accurate measure of its specific activity. This was prob- 
ably due in part to errors introduced in handling the small quantities of 
CH,NHz, available from this degradation. Another sample of the acetic 
acid was analyzed by the alternative method of pyrolysis, etc., as described 
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under “Procedure.” The relative specific activities (end window Geiger. 
Miiller counter, corrected to zero absorption) observed were 8 ¢.p.m. per 
mM for carboxyl carbon and 15,400 ¢.p.m. per mm for methyl carbon. 
The specific activity of the original acetic acid sample was 7900 c.p.m. 
per mo of carbon; thus, if the methyl C contained all of the C", it should 
have a specific activity of 15,800 ¢.p.m. permm. The good agreement that 
was obtained shows conclusively that the C™ was present only in the CH, 
group of the acetic acid. 


DISCUSSION 


The data presented here demonstrate that the CH; group of acetic acid 
is derived from the aldehyde carbon (No. 1) of xylose. Accordingly, it 
is presumed that carbon 2 of xylose is the precursor of the acetic acid 
carboxyl group and that carbons 3, 4, and 5 are converted to lactic acid. 
Our results, therefore, offer strong support for the hypothesis of an initial 
cleavage of pentoses into C, and C; fragments and indicate that splitting 
occurs between carbons 2 and 3. 

If cleavage of 1-C-p-xylose had occurred between carbons 2 and 3 
by means of an “aldolase type” reaction, the COOH group of acetic acid 
would presumably contain a large fraction of the C". In view of the fact 
that this portion of the acetic acid was completely inactive, it is most 
reasonable to conclude that such a reaction did not occur. The observed 
distribution of activity could be readily explained if a 2-ketopentose is 
postulated as an intermediate in the fermentation. The type of mechanism 


envisaged is shown in the accompanying diagram. 
HCOH HC=0O COOH 
| + + 
H.COH CH,OPO,H CH; 


Preliminary experiments’ with cell-free extracts of L. pentosus indicate 
that the initial step in this degradation is the formation of a xylose phos 
phate. For this reason, the probable formation of intermediate phosphate 
esters is suggested. The exact structure of the intermediate undergoing 
cleavage is not known with certainty. From an analysis of adaptive pen- 
tose fermentation in L. pentosus, Lampen and Peterjohn (16) have sug- 
gested that p-xylose and L-arabinose are converted to a compound (or 


? Lampen, J. O., unpublished experiments. 
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compounds) with the ribose configuration before cleavage of the pentose 
chain occurs. 

The degradation of hexoses to pentoses has been demonstrated by several 
investigators (2, 19, 20). It seems possible that a C;-C; cleavage of the 
resulting pentose may occur in a number of biochemical systems. In 
this connection, it is of interest to note the results of Gibbs and DeMoss 
(21) on the fermentation of glucose by the heterofermentative organism, 
Leuconostoc mesenteroides. Their observations indicate that carbon 1 of 
glucose is the precursor of CO,, carbons 2 and 3 are converted to the methyl 
and carbinol groups, respectively, of ethanol, and carbon 4 becomes the 
COOH group of lactic acid. These data could be readily explained on 
the basis of an initial conversion of hexose to CO, and pentose, the latter 


undergoing a C;-C, cleavage. 


The authors would like to acknowledge the valuable technical assistance 
of Mrs. M. A. Lasoski and Mr. G. O. Carrington. 


SUMMARY 


The fermentation of 1-C™-p-xylose to equimolar quantities of acetic and 
lactic acids by resting cells of Lactobacillus pentosus has been studied. 
It was observed that only the CH; group of acetic acid contained C%. 
This result shows that the CH; group is derived from carbon 1 of xylose 
and indicates that cleavage occurs between carbons 2 and 3 of the pentose 
chain with the formation of C, and C; fragments. It appears likely that 
a 2-ketopentose is an intermediate in this degradation. The possible im- 
portance of a C;-C, split in other biochemical systems is discussed. 
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THE RELATION OF ERYTHROCYTE COPROPORPHYRIN AND 
PROTOPORPHYRIN TO ERYTHROPOIESIS* 


By SAMUEL SCHWARTZ ann HOWARD M. WIKOFF 


(From the Depattment of Medicine, University of Minnesota Medical School and 
Hospital, Minneapolis, Minnesota) 


(Received for publication, August 17, 1951) 


An increased excretion of urinary and fecal coproporphyrin has been 
described in association with heightened erythropoietic activity (1-6). 
This porphyrin was shown by means of fractional crystallization to con- 
sist mainly of the type I isomer. These results have been more recently 
confirmed (7) in studies in which a quantitative method was employed 
(8) for the determination of the ratio of both coproporphyrin isomers 
(I and III) in dogs and rabbits with stimulated erythropoiesis. 

In the course of the latter experiments it was found that protoporphyrin, 
which is known to be present in red blood cells, is accompanied by another 
porphyrin having the solubility and absorption properties of coproporphy- 
rin. The latter porphyrin was found to be markedly increased in amount 
in association with a reticulocyte response in anemia due to either phenyl- 
hydrazine or loss of blood. Such a porphyrin had not been previously 
described in red blood cells from normal animals, though Rimington (9) 
had isolated coproporphyrin I from the blood cells in an instance of bovine 
porphyria. Uroporphyrin was also identified spectroscopically in the am- 
monia extract of these cells. More recently Aldrich and coworkers (10) 
have isolated coproporphyrin I and uroporphyrin I from erythrocytes in 
a case of human congenital porphyria. Since completion of these studies, 
Watson (11) has reported data from this laboratory on red cell porphy- 
rins in patients with various types of anemia. 

It is the purpose of the present communication to record some of our 
earlier observations, to present further data on the erythrocyte porphyrins 
of rabbits, dogs, chickens, and human subjects, and to describe studies 
leading to the definite identification of the “new” porphyrin as co- 
proporphyrin. 

Methods 

Estimation of Total Erythrocyte Coproporphyrin (ECP) and Protopor- 
phyrin (EP)—The method described by Grinstein and Watson (12) for 

* Aided by grants from the Division of Research Grants and Fellowships, United 
States Public Health Service (RG345), and the Medical Research Fund of the Gradu- 
ate School, University of Minnesota. 
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the determination of erythrocyte protoporphyrin was modified as follows 
to permit the simultaneous analysis of coproporphyrin. The centrifuged 
blood cells are added to about 10 volumes of a 4:1 mixture of ethyl acetate 
and glacial acetic acid in a medium sintered glass filter. ‘The suspension 
is thoroughly ground with the flat end of a pestle and filtered with suction 
into a receiving flask. This extraction is repeated four or five times, o 
until the filtrate is essentially colorless. The combined extract is washed 
in a separatory funnel three times with about 0.2 volume of 3 per cent 
sodium acetate solution. These washes should react red to Congo paper 
to prevent loss of coproporphyrin. (More sodium acetate solution should 
be added if the washes are too acid.) The porphyrin is then removed from 
the ethyl acetate-acetic acid solution by exhaustive extraction with 5 te 


10 ml. portions of 3 N HCl. This is demonstrated by the absence of red 
fluorescence in the extract when exposed to the 405 my light from a mer- 


cury arc lamp and viewed in the dark. 
The HC! solution is neutralized to Congo red with saturated sodium 


acetate solution and extracted three times with 50 to 75 ml. portions of 


ethyl acetate. The combined ethyl acetate extracts are washed with 
H,O (discard), and then extracted exhaustively with 3 to 5 ml. portions 


HCI 


cent 


of 0.1 n HCl to remove the coproporphyrin. The protoporphyrin re 
maining in the ethyl acetate is saved for further treatment as noted below - 


The 0.1 n HCl solution is washed twice with 5 ml. portions of chlon 
form to remove traces of chloroform-soluble porphyrins. The chloroforn 
is added to the ethyl acetate solution. After allowing the last chloroform 
extract to settle completely, 1/15 volume of 3 nN HC! is added to the aque- 
ous HCl solution to increase its HCl concentration to approximately 03 
Nn and to clear the solution of opalescence. The porphyrin concentration 
is then determined fluorometrically by comparison with a coproporphyrin 
standard in 0.3 ~n HCl (13). 

The protoporphyrin is removed from the ethyl acetate-chloroform solu- 
tion by exhaustive extraction with 3 n HCl. The porphyrin concentra- 
tion is determined by absorption analysis in an Evelyn colorimeter (12). 

The following additional points might be noted. (1) Except when the 
reticulocyte count is markedly elevated, one should use at least 5 ml. of 
cells for each analysis. Even then a sensitive fluorometer (13) is generally 
required for accurate analysis of the coproporphyrin fraction. (2) On 
shaking the 0.1 nN HCl solution with chloroform, coproporphyrin in high 
concentration tends to become colloidal and to concentrate near the inter- 
phase. This is prevented (or reversed) by swirling the mixture in the 
separatory funnel for several seconds. (3) Hematin absorbs intensely at 
about 400 my, where the protoporphyrin absorption is measured. It is 
therefore important that a clean cut separation of the ethyl acetate and 
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HCl solutions be made in the extraction procedure. All of the hematin 
remains in the ethyl acetate fractions. 

Estimation of Coproporphyrin Isomers I and I1I—The relative con- 
centrations of the individual coproporphyrin isomers I and III were deter- 


mined by the fractional coprecipitation method previously described (8). 
Tasie I 
Relationship of Reticulocyte Count to ECP and EP in Normal Control Animals 
Species Animal No. Reticulocytes ECP | EP 
| per cent per cont per cent 
Rabbit | 1 5.2 | 6.5 | 22 
2 3.8 3.0 | 92 
' 3 3.8 3.0 | 67 
| 3.8 44 
3 3.4 | 4.3 | 89 
6 3.4 | 2.0 102 
7 2.4 2.7 22 
8 1.8 3.3 45 
9 1.8 3.0 28 
10 1.6 0.9 | 50 
11 1.4 0.7 25 
12 1.0 1.6 57 
13 1.0 | 0.6 66 
Sog 1 1.5 | 1.4 29 
: 2 1.0 0.8 25 
| 3 0.6 0.8 42 
Chicken 1 4.0 | 4.1 73 
2 2.8 | 1.9 31 
Guinea pig 1 1.4 ee 165 
EXPERIMENTAL 


Erythrocyte Porphyrins in Normal Control Animals—In nineteen con- 
trol animals a comparison was made of reticulocyte percentage and con- 
centration of erythrocyte coproporphyrin (ECP) and protoporphyrin (EP) 
in micrograms per 100 ml. of cells. These included thirteen rabbits, three 
dogs, two chickens, and one guinea pig. As may be seen in Table I, the 
coproporphyrin concentrations were approximately | y per cent for each 
| per cent of reticulocytes. While those animals with reticulocyte counts 
of more than 3 per cent tended to have a higher protoporphyrin concen- 
tration than did those with lower reticulocyte counts, this latter cor- 
relation was not at all consistent. 

Erythrocyte Porphyrins in Rabbits with Stimulated Erythropoiesis—The 
EP and ECP concentrations were studied in three rabbits in which eryth- 


| 
llows 
"etate 
nsion 
ction 
eS, oF 
ashed 
cent 
paper 
hould 
from 
1 5 to! 
of red 
mer- 
dium 
ms of 
with 
n re 
low 
lore 
forn. 
oforn 
7 que- 
y 03 
ation 
hyrin 
solu- 
ntra- 
12). 
the 
1. of 
rally 
) On 
high 
nter- 
the 
ly at 
It is 
and 


566 COPROPORPHYRIN AND PROTOPORPHYRIN 


ropoiesis was stimulated by repeated bleeding. In these a marked in. 
crease occurred in both fractions. The results are shown in Table II. 
The distribution of the porphyrin in the red blood cells was further 
studied in two instances, since Watson and Clark (14) had previously 
shown that in rabbits treated with phenylhydrazine protoporphyrin was 
present in the reticulocyte-rich fraction. An increased proportion of 
reticulocytes was prepared by separating the upper and lower fractions of 
the centrifuged cells. In Table III it is shown that the upper layer con- 


Taste II 
Effect of Repeated Bleeding on Erythrocyte Porphyrins of Rabbits 


Rabbit No. Date Hematocrit | Red blood — Reticulocytes| ECP EP 
per cent mi. per cent per cent per cont 
750 6-18 56 34 3 47 
6-24 40 20 20 23 133 
6-28 40 16 57 32 459 
7-3 25 10 21 18 
755 6-19 52 26 2 33 
6-24 41 15 41 40 167 
6-28 41 16.5 30 15 315 
7-3 20 8 40 30 
7682 199 50 20 | 7.5 38 
«6 42 18 18 23 56 
| 628 22 8.5 => | @ 870 


The Gret value recorded for each rabbit is the control value. 
We are indebted to members of the hematology section of the Argonne National 
Laboratory, Chicago, for the reticulocyte determinations of Tables II and III. 


taining most of the reticulocytes also contained most of the coproporphyrin 
and protoporphyrin. 

Erythrocyte Porphyrins in Rabbits with Chronic Lead Poisoning—ECP 
and EP concentrations were determined in four rabbits with chronic lead 
poisoning. The ECP values (Table IV) were essentially normal, while 
those for EP were significantly elevated. 

Erythrocyte Porphyrins in Dogs with Stimulated Erythropoiesis—300 to 
500 ml. of blood were removed from the femoral artery of a 58 pound 
mongrel dog at intervals of 2 or 3 days. The ECP values (Table V) in- 
creased in association with the elevated reticulocyte percentage, while the 
elevation in EP was relatively delayed. 

A regenerating anemia was produced in a second dog by repeated ad- 
ministration of phenylhydrazine. 100 mg. doses were given on the Ist, 
2nd, 3rd, and 6th days. On the 9th day, 500 ml. of blood were removed 
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for study. This showed 34 per cent reticulocytes and a hematocrit value 
of 20 per cent. The ECP concentration was 32.0 y per cent, while that 
of EP was 56 y per 100 ml. of cells. 


Taste III 


ECP and EP Concentrations in Relation to Reticulocyte Percentage As Affected by 
Centrifugation of Red Blood Cells 


| Per total in 
| | | Coproporphyrin Protoporphyrin 
7O | 57 | W@) 10 91 | 00 
7 o | 10 
Taste IV 
Red Cell Porphyrins in Rabbits with Chronic Lead Poisoning 
Rabbit No. Red blood cells Hematocrit —_—Reticulocytes ECP EP 
| mi per cent per cont per cent per cent 
1 25 | 33 4.4 3.4 228 
3 23 | 40 4.4 4.4 267 
4 ae 37 6.2 3.9 250 
Taste V 
Effect of Repeated Bleeding on Erythrocyte Porphyrins of Dog 
Date, Mar., 1949 Blood removed = Hematocrit Reticulocytes | ECP EP 
mi per cont per cent y per cent per cont 
16 SOO 59 0.6 0.8 42 
19 500 44 3.0 3.0 43 
21 300 35 3.6 ee 48 
23 520 32 8.2 4.3 36 
25 360 27 17.8 11.5 | Lost 
28 490 30 As 12.7 222 


These studies were undertaken to determine whether or not the concen- 
tration of porphyrins in the normally nucleated red cells of chickens differs 
from that of mammalian cells. Anemia was produced in two hens by 
repeated bleeding by cardiac puncture and in three others by the adminis- 
tration of phenylhydrazine. Tables VI and VII show that the rise in 
ECP was generally similar to that of the reticulocytes. The terminal 
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EP concentrations in the two hens subjected to repeated bleeding wer 
the highest we have thus far encountered. 

Erythrocyte Porphyrins in Humans—Erythrocyte porphyrin determina. 
ations were made in eleven human subjects. The results are summarized 
in Table VIII. 


Studies of Coproporphyrin Isomer Type. (a) Quantitative Isomer Anal. 


TaBLe VI 
Effect of Repeated Bleeding on Erythrocyte Porphyrins of Chickens 
Chicken No. | Date, 1949 Blood removed Hematocrit | Reticulocyte ECP | EP 
1 4-6 42 2.8 31 
1 4-9 45 27 7.8 5.7 110 
1 4-11 42 21.5 11.0 15.0 450 
l 4-13 42 23 | 14.4 12.6 721 
] 4-16 | 46 27 13.0 14.5 1150 
2+3 3-30 85 26 | 4.0 4.1 73 
2 4-2 35 26 14.8 55.7* 463 
2 4-4 40 22 14.8 16.4 1830 
3 4+ 51 30 3.0 3.4 47 


The first value for each chicken is the control value. 

* Because this value is so high compared with the reticulocyte count, a 0.1 x 
HCI solution of this porphyrin was shaken again with CHCI,;. The porphyrin was 
completely insoluble in the CHCI,;, indicating that the porphyrin was indeed co- 
proporphyrin. The reason for this unusually high value is unknown. 


Tasie VII 
Effect of Phenylthydrazine on Erythrocyte Porphyrins of Chickens 
Chicken No. Hematocrit Reticulocytes | ECP | EP 
per cent promt percent | per cent 
1 22.5 | 57 41.0 124 
2 18.8 38 17.4 | 85 
3 25.0 53 | 16.6 : 147 


ysis—The relative percentage distribution of the coproporphyrin isomers 
(I and IIT) in the erythrocytes was determined in pooled extracts from the 
various groups studied. 92 and 90 per cent of the coproporphyrin were 
the type III isomer in the bled dog and chickens respectively, while 55 
and 67 per cent type IIT isomer respectively were found in the dog and 
rabbits which were given phenylhydrazine. 

» Evidence as to the probable validity of the “fluorescence quenching” 


isomer method (8) when applied to the ECP was obtained by adding 2.1 7} ‘ 


of a mixture of dissolved crystalline coproporphyrin isomers I (1.87 7) 
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and III (0.23 y) to 2.8 y of coproporphyrin from the erythrocytes of the 
bled chickens. The theoretical relative concentration of coproporphyrin 


Were 
mina-} [J] in the final mixture was 58 per cent. The observed value was 60 per 
arized| cent. 

(b) Crystallization of Erythrocyte Coproporphyrin—Pooled coproporphy- 
Anal-} rin extracts from the above experiments were esterified with methyl al- 
cohol-sulfuric acid (19:1) and subjected to chromatographic analysis on a 
calcium carbonate column (8). Only a single porphyrin zone was ob- 
~——-|served. This was eluted with chloroform and found to contain about 
EP 10.1 mg. of total porphyrin. The chloroform was evaporated, and a few 
+ ce | ml. of ether cooled in a dry ice-acetone bath were added to the dry residue. 


31 
110 Taste VIII 
iO Red Cell Coproporphyrin in Human Subjects 
ma | 
Subject Hematocrit | ECP 
163 per cent percent percent | per cent 
« 3.8 470 
Cord blood 45 8.6 8.1 178 
Hypersplenism . . 37 2.4 1.9 152 
Leucemia; hemolytic a 3.6 2.7 S4 
Megaloblastic 15 0.8 19 453 
ae Liver therapy previous week. Reticulocytes 12 per cent on the day before. 
ni 
Nearly all the porphyrin went immediately into solution. Methyl alcohol 
was added and the solution evaporated to about 1 ml. Following re- 
___ firigeration for several hours, the porphyrin crystallized in the form of 
rosettes. The melting point of these crystals was 132°. On cooling and 
a reheating, the crystals remelted at 144°. The ether solubility, crystal 


orm, and dimorphic melting points are all characteristic of the copro- 
a 55 porphyrin III methyl ester (15, 16). 
ail The amount of ether-insoluble porphyrin ester (? coproporphyrin I) 
: was extremely small and insufficient for crystallization. 
ning” Further Identification of Erythrocyte Coproporphyrin. (a) Absorption— 
217 3 N HCI solutions of erythrocyte coproporphyrin and hydrolyzed crystal- 
37 9) coproporphyrin ester isolated from feces were both found to have 
maximal absorption at 401 my as measured with a Beckman spectropho- 
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tometer. Both showed identical spectra when viewed spectroscopically. 
The methyl esters in chloroform likewise had identical spectra. 

(b) Chromatographic Analyses—A fraction of the chloroform eluate con. 
taining the chromatographically pure erythrocyte coproporphyrin methy! 
ester was added to an equal amount of dissolved crystalline coproporphy. 
rin methyl ester isolated from porphyria urine. Chromatography of this 
mixture on calcium carbonate yielded only a single sharp porphyrin zone. 


DISCUSSION 


Relationship of Reticulocyte Count to Coproporphyrin and Protoporphyris 
Concentration—As shown in Fig. 1, an approximately linear relationship 
was obtained between the coproporphyrin and reticulocyte values fo 
thirty-five mammalian blood samples in which the reticulocyte coun 
was 2 per cent or more. The correlation coefficient was 0.92. In thes 
samples there was an average of 0.91 y per cent of coproporphyrin for 
each 1 per cent of reticulocytes. At reticulocyte levels of less than 2 per 
cent there was greater variation in the relative amounts of coproporphyrir 
and reticulocytes, possibly because of the greater per cent error in both 
analyses at this low level. 

The data relating reticulocyte values to the ECP-reticulocyte ratios 
plotted in Fig. 2. The results in Figs. | and 2 reveal a close relationshiy 
between erythrocyte coproporphyrin and hemoglobin synthesis as 
ured by reticulocyte percentage. 

A correlation coefficient of only 0.38 was found for the protoporphyri 
concentration and reticulocyte percentage of thirty-one mammalian 
ples of blood with reticulocyte percentages of over 2. A curvilinear 
lationship, however, is suggested by the data in Fig. 3, in which the value 
relating the reticulocyte percentage to the EP-reticulocyte ratio 
plotted. 

The relationship of elevated erythrocyte protoporphyrin levels and i 
deficiency is well known. It is therefore of interest that the highest prot 
porphyrin values were found in animals with chronic blood loss in whi 
the reticulocyte percentage is rarely above 20. On the other hand, 
tively slight or no elevations in red cell protoporphyrin were found i 
those animals given phenylhydrazine, despite the fact that the reticulocyt 
percentages here were the highest of any group studied. In this latt 
group, where the factor of iron deficiency should be minimal, the ratios 
protoporphyrin to coproporphyrin concentration ranged from 1.8 to 4 
with an average of 3.4. In the former group, the ratios at the time of t 
final bleeding ranged from 8.5 to 112.0, with an average of 42.8. 

‘We are indebted to Dr. Leslie Zieve, Department of Medicine, Veteran 
Hospital, Minneapolis, for the statistical analyses reported in this section. 
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vically.| ~The report of Watson and Clark (14) on the localization of the free eryth- 
rocyte protoporphyrin in the upper reticulocyte-rich layer of rabbit red 
te con-} cells has been verified. The coproporhyrin, too, seems to be localized in 
methyl} the same layer. However, in the case of protoporphyrin at least this 
orphy-} does not exclude the possibility that other porphyrin-containing cells (i.e. 
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the fluorocytes of Seggel (17)) may also be concentrated in the same u 2 
red cell layer. This might, indeed, be expected if these cells were young} jet 
though not necessarily reticulated. Further studies of this relationshi ery’ 


are in progress. per 

Other Factors Which May Influence Erythrocyte Coproporphyrin C shit 
centration—It should be noted that factors other than erythropoietic a} 3 
tivity as measured by the reticulocyte percentage may influence the e 
rocyte coproporphyrin level. The isolation of coproporphyrin I f 
the red blopd cells of a patient with photosensitive (chronic) porphyn glot 


(10) and a similar finding in bovine porphyria (9) have been noted above} 4. 
frac 
| 
| ——4 3.1 
| 
RETICULOCYTES % 13. Se 
Fic. 3. Relationship between reticulocyte values and EP-reticulocyte ratios - : 
Other studies in progress in this laboratory have also shown that phe “ : 


dynamic reactions in rabbits may be associated with elevations of ery 
rocyte coproporphyrin concentration far above what would be expecte 
from the reticulocyte percentage alone. This is also true of some rabbit 
with acute lead poisoning, and of subjects with accelerated erythropoiet 
activity. It is believed, however, that the majority of data present 
here illustrates the normal relationship, and that the exceptions descril 
represent departures from normal in the metabolism of erythrocyte copr 
porphyrin. 

SUMMARY 

1. Coproporphyrin has been demonstrated in the erythrocytes of 

bits, dogs, chickens, and humans. Under the conditions studied, it | 
consisted chiefly of the type IIT isomer. 
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2. The erythrocyte coproporphyrin concentration closely parallels the 
young} reticulocyte percentage in normal controls and in subjects with increased 
erythropoietic activity; 0.5 to 1.5 y per 100 ml. of cells is generally found 
per 1 per cent of reticulocytes. Occasional deviations from this relation- 
ship are discussed. 

3. The erythrocyte protoporphyrin concentration has shown no con- 
sistent linear correlation with the reticulocyte percentage. It is related 
best to iron deficiency or to factors, like lead, which interfere with hemo- 
Wf globin synthesis. 

4. In two instances in which the reticulocytes were concentrated by 
fractional centrifugation, nearly all of the coproporphyrin and protopor- 
phyrin was found to reside in the reticulocyte-rich layer. 
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URINARY EXCRETION OF 17-KETOSTEROIDS IN SCURVY 


By SACHCHIDANANDA BANERJEE ann CHANDICHARAN DEB 
(From the Department of Physiology, Presidency College, Calcutta, India) 


(Received for publication, September 4, 1951) 


Cholesterol and ascorbic acid of adrenals are significantly diminished in 
«orbutic guinea pigs (1). As these substances appear to be related to 
the formation of adrenal cortical hormone (2), it has been indicated that 
the secretion of this hormone might diminish in scurvy. The urinary 
excretion of 17-ketosteroids in females is said to depend almost entirely 
on the activity of the adrenal cortex. In Addison’s disease in women 
the urinary excretion of 17-ketosteroids either becomes nil or is decreased 
to approximately one-third of the normal excretion (3). In the absence 
f adrenals in monkeys 17-ketosteroids excretion is also markedly reduced 
(4). To furnish further evidence regarding the function of the adrenal 
ortex in scurvy the urinary excretion of 17-ketosteroids has been studied 
1 both normal and scorbutic female guinea pigs. As inanition per se 
reduces the urinary excretion of 17-ketosteroids (5), the paired feeding 
nique has been used during this investigation. 


EXPERIMENTAL 


Young female guinea pigs were housed in individual metabolism cages 
id fed a seorbutic diet, either with or without the supplement of ascorbic 
cid, by the paired feeding technique as described previously (1). The 
laily output of urine of each animal was collected in a flask containing 
meentrated hydrochloric acid and kept in a refrigerator. This was con- 
inued for 4 weeks. Urine was collected in 7 day periods from four to 
ix animals on the scorbutic diet only and also from the corresponding 
air-fed animals receiving ascorbic acid. 17-Ketosteroids from each 7 day 

nple were extracted and estimated by the method of Davison, Koets, 
id Kuzell (6) by means of a Lumetron photoelectric colorimeter with a 
15 my filter. In order to compensate for the colored impurities present 
i the extract, a blank estimation was carried out in addition to the usual 
agent blank, as suggested by Holtorff and Koch (7). The results are 
iven in Table I. 


DISCUSSION 


During the Ist week of the experiment the urinary excretion of 17-keto- 
vids did not differ significantly in the guinea pigs fed a scorbutic diet 
ither with or without the supplement of ascorbic acid. From the 2nd 


575 


| 
| 
| 
| 
| 
| 
| 
| 


576 EXCRETION OF 17-KETOSTEROIDS 


week guinea pigs which were fed only the scorbutic diet began to ex 
progressively smaller amounts of 17-ketosteroids in the urine; the excreti 
became minimal during the 4th week, when the animals developed 
The urinary excretion of 17-ketosteroids did not vary significantly in 
different periods for the pair-fed guinea pigs receiving ascorbic acid. 
the middle of the 2nd week the food consumption by the animals on 
scorbutic diet alone gradually diminished. The pair-fed animals whi 


Taste | 
Urinary Excretion of 17-Ketosteroids by Female Guinea Pigs 


The results are in mg. excreted per animal per day. 
Group No. nd wk. 3rd wk. 4th wk. 

1 | @)° 0.70 0.71 0.70 0.72 

Seorbutie (6) 0.75 0.54 0.54 0.40 

2 ‘Normal (6) 0.75 0.75 0.74 0.76 

Seorbutie 6) O57 0.82 

Normal (4) 0.78 0.80 0.82 0.80 

| Scorbutie (4) 0.82 0.63 0.60 i0.58 

4 Normal (4) ORS 0.83 0.83 0.85 
Scorbutie (4) 0.83 | 0.66 0.61 0.60 

Normal (6) 0.75 0.75 0.76 

Seorbutie 6) 0.711 050 | O81 0.48 

6 | Normal (6) 0.70 0.69 0.75 0.73 

Average, normal... om | | | OF 
+0.05 +004 +4004 +40. 

«£0.08 0.04 +0.03 | +0.04 

Difference of means...........| 0.08 | 0.18 0.20 0.26 
Standard error of difference... 0.06 0.05 0.05 0.08 


* The figures in parentheses indicate the number of animals. 
received ascorbic acid, therefore, suffered from inanition. Inanition, he 
ever, was found to have no marked effect on the urinary excretion of | 
ketosteroids by these animals. In scorbutic guinea pigs not only are li 
glycogen (8), adrenal cholesterol, and adrenal ascorbic acid (1) diminishe 
but also there is less excretion of 17-ketosteroids. The evidence 
brought forward seems to indicate a hypofunction of the adrenal corte 
in scurvy. 

SUMMARY 

17-Ketosteroids were estimated in the urine of scorbutic and pair 

normal, female guinea pigs. 
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Scorbutic female guinea pigs excreted significantly lowered amounts of 
7-ketosteroids in the urine. 

4 It has been suggested that scorbutic guinea pigs suffer from hypofunction 
y in tif the adrenal cortex. 


; on ta The Glaxo Laboratories (India), Ltd., kindly supplied the vitamins A 
D concentrate (Adexolin Liquid) used in this investigation. 
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ENZYMATIC DEAMINATION OF ADENOSINE DERIVATIVES* 


By NATHAN O. KAPLAN, SIDNEY P. COLOWICK, anp 
MARGARET M. CIOTTI 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, July 18, 1951) 
Enzymes capable of deamination of adenosine and adenylic acid have 


been found in a number of animal tissues and in microorganisms. A 
specific deaminase from muscle acting only on 5-adenylic acid was dis- 
covered by Schmidt (1), and more recently has been further purified by 
Kalekar (2). A specific adenosine deaminase also exists in animal tissues 
(2). Mitchell and McElroy (3) have described and partially purified a 
jleaminase from taka-diastase which acts on adenosine. Adenylic acid 
was also found to be deaminated by this Aspergillus preparation; however, 

potent phosphatase was associated with the deaminase, and, therefore, 
no conclusions could be made as to the direct deamination of the nucleo- 
ide. The present communication deals with the further purification of 
ne taka-diastase enzyme. Evidence is presented demonstrating not only 
he direct deamination of adenylic acid by this enzyme, but also the direct 
leamination of a number of adenylic acid derivatives, such as DPN, 
ATP, ADP, and ADPR. 


Materials and Methods 


Desamino DPN was prepared essentially according to the procedure 
#f Schlenk et al. (4). 200 mg. of DPN were dissolved in 2 M acetic acid 
(0 ml.) and 1.6 gm. of NaNO, in 6 ml. of water were added dropwise. 
\fter standing at room temperature for 4 hours, the mixture was neutral- 
1 to phenol red with 5 Nn NaOH. 1.0 ml. of 25 per cent barium acetate 
1 1 volume of alcohol were added. The resulting precipitate was re- 
noved and found to contain only small amounts of the desamino com- 
pound. Aleohol was then added to 90 per cent, and this precipitate 
lected and washed with alcohol and ether. The yield of barium salt 


133 mg. 


 *Contribution No. 14 of the MeCollum-Pratt Institute. Supported by a grant 
from the American Cancer Society, as recommended by the Committee on Growth 
the National Research Council. 

The following abbreviations will be used: ATP adenosinetriphosphate, ADP ad- 


inediphosphate, ADPR adenosinediphosphate ribose, ITP inosinetriphosphate, 
IDP inosinediphosphate -DPN diphosphopy ridine nucleotide, TPN triphosphopyri- 
dine nucleotide. 
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ITP was prepared from ATP by treatment with nitrous acid. 100 mg} iste 
of ATP (free acid, Schwarz) were dissolved in 5 ml. of 2 N acetic acid andl ingc 
800 mg. of NaNO, in 3 ml. of HO were added dropwise. The mixtun] gu 

T 
shor 
ni. 


was allowed to stand at room temperature for 3 hours, and then neutra 
ized to phenol red with 5 n NaOH. After addition of 0.5 ml. of 25 pe 
cent barium acetate and | volume of alcohol, the barium salt of ITP 
centrifuged, washed with alcohol and ether, and dried over P,O;. ont 
yield of barium salt was 119 mg. nate 
The DPN samples used in the present experiments were a commercial] igo} 
preparation of 50 per cent purity and a preparation of 80 per cent purity}95 p 
isolated by chromatography from sheep liver. TPN of 75 per cent purit] T 
was also prepared from sheep liver by an unpublished method of Kornberg gifs 
and Horecker. Adenosinediphosphate ribose was prepared as described gti 
previously (5). ADP was obtained from the Sigma Chemical Company 
5-Adenylic acid was obtained from the Ernst Bischoff Company; aden 
acids a and b were kindly supplied by Dr. Waldo E. Cohn. ante 
Alcohol dehydrogenase was prepared by the procedure of Racker (6 
The yeast hexokinase was a preparation of approximately 50 per ceny_ 
purity, and was prepared by the procedure of Berger ef al. (7). Prostatify..., 
phosphatase was generously furnished by Dr. Gerhard Schmidt. Myo} che 
kinase and the Neurospora DPNase were prepared as described in previc - 
Amm 


publications (5, 8). The deaminase was assayed by measuring the 

of deamination of adenosine; the decrease of optical density at 265 
was used as the spectrophotometric determination of the deaminatior 
3 ml. of 8 X 10-* m adenosine in 0.1 mM phosphate of pH 6.8 were used i 
the test system for the enzyme. An optical density change of 0.01 f 
the period from 15 seconds to 120 seconds after the addition of ¢ | 
was used as a unit of the enzyme activity. Protein was determined by 4, - 
modification of the Herriott method (9). . 


Results 


Purification of Enzyme—The initial purification of the enzyme was cat)... 
ried out as described by Mitchell and McElroy (3).'| The final step ijt, | 
the procedure of these authors, which is a 65 per cent alcohol precipitation 4, 
was used as our starting material. From 100 gm. of taka-diastase, 30}, p 
ml. of solution were obtained with a specific activity of 12 units per m 
of protein. Acetone was added at 0° to this solution to 23 per cent ec 
centration and the precipitate removed by centrifugation at 0°. The s) 
lution was then brought to 40 per cent acetone concentration; this precip! 

' The taka-diastase powder was kindly supplied by Parke, Davis and Compa DPN 
We wish to thank Dr. W. D. McElroy for his suggestions on the purification of t4fig. 
enzyme and for his interest in this work. ate 
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OO mg} iste contained most of the deaminase activity. A 50 per cent acetone 
"id and jraction contained more of the enzyme, but the purity of the enzyme was 
nixtum| much less than in the 40 per cent fraction. 

eutra-| The 40 per cent acetone precipitate was dissolved in 100 ml. of H,O, and 
25 pe} showed a 4-fold purification with a 30 per cent yield (see Table I). 70 
'P walnl. of 95 per cent alcohol were added at 0° and the precipitate which 
. contained only a small amount of activity was discarded. The super- 
natant was then chilled to —12° and, as a result, a second precipitation 
mercial tok place. This precipitate was centrifuged at —12° and dissolved in 
ity} 25 ml. of H.0. This step resulted in a 3-fold purification. 

pak The — 12° alcohol fraction was then brought to 70 per cent ammonium 
wrnberf ulfate saturation. The precipitate contained a good deal of the deaminase 
ed activity, but also contained dark material and was not as pure as higher 


Tasiz I 
Summary of Purification 
cer (6 | Total units | Units per mg. | a 
Starting material, 65% alcohol ppt. of Mit-— | 
4 chell and McElroy (3).................... 84,000 12 
acetone ppt... 26 , 500 53 80.8 
Ammonium sulfate ppt., 0-70............ .. 8,650 4.4 


monium sulfate fractions and was discarded. Fractions were obtained 
nzY™ between 70 and 90 per cent saturation and also between 90 and 100 per 
«d bY dent saturation. These fractions were either devoid of phosphatase or 
contained only traces of this enzyme. The purification scheme, as out- 
red in Table I, has been carried out several times; although the yields 
ied considerably, the purity in the final ammonium sulfate fractions 
“ould be duplicated. The 70 to 90 and 90 to 100 per cent ammonium sul- 
fractions were used in most of the experiments described below. 
| Action of Deaminase on DPN—The action of the taka-diastase deaminase 
m DPN results in a decrease in absorption at 265 my, indicating a removal 
"of the amino group from the adenine ring (Fig. 1). The experiments shown 
m Fig. 1 were carried out by incubating DPN with the enzyme in phos- 
phate buffer (pH 6.8) and removing aliquots for analyses at 265 my at 
“idifferent time intervals. At the same periods, samples were taken for 
san}UPN analyses by yeast alcohol dehydrogenase. As can be seen from 
n of tfig. 2, incubation of the DPN with the deaminase results in a decreased 
ute of response of the deaminated DPN to the alcohol dehydrogenase; 
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the longer the incubation time with the deaminase, the slower was th the de 
rate of reduction of the pyridine nucleotides, although the total exten that th 


direct 
derivat 
DPN : 
jrogen 
© Adenos 
WwW by the 
5s 30 45 60 
TIME IN MINUTES 
Fic. 1. Deamination of DPN by taka-diastase deaminase. 3 um of DPN wer 
incubated with 50 units of deaminase in phosphate buffer (pH 6.8) in a total volum 
of l ml. Aliquots were removed at the various time intervals and fixed with per 
chloric acid for spectrophotometric determination at 265 my. 
Fic. 
aleoh 
pt 6. 
enzy? 
ion w 
ncubat 
psine i 
ne inh 
TIME IN MINUTES or the 
Fig. 2. Reaction of deaminase product of DPN with crystalline yeast alec Redu 
dehydrogenase. The various curves represent the time intervals of Fig. 1; t® 
alcohol dehydrogenase tests were carried out in 0.5 m alcohol and 0.1 a tris(hydroxyfence t 


methyl)aminomethane (pH 10) in a volume of 3 ml. The reaction was started bpower | 
addition of the alcohol dehydrogenase. ivdroge 


of reduction remained almost unchanged. Schlenk et al. (4) have pre. 
viously shown that chemically prepared desamino DPN reacts at a slc ; 
rate with yeast alcohol dehydrogenase. The fact that the product fr 


a/ 


KAPLAN, COLOWICK, AND CIOTTI 583 


the deaminase reaction also reacts at a similarly slow rate is indicative 
ten:f hat the product is desamino DPN and that the deaminase promotes the 
wl scot deamination of DPN. Evidence demonstrating that the deaminase 
vhich deaminates DPN is the same enzyme that attacks other adenine 
derivatives is given in Fig. 3. By measuring the formation of desamino 
DPN as determined by the rate of reaction of the yeast alcohol dehy- 
drogenase system, the inhibition of DPN deamination can be ascertained. 
\denosine and adenylic acid inhibit the deamination of DPN, as indicated 
" the faster rate of reaction to the alcohol dehydrogenase system after 


DEAMINASE 
DEAMINASE + ADENOSINE 
DEAMINASE 
oO | + SA-M-P 
DEAMINASE 
wer | 
lum 
per 02 | 
4 6 8 


TIME IN MINUTES 
Fic. 3. Effect of adenosine and adenylic acid on deamination of DPN as measured 
by alcohol dehydrogenase. All tubes contained 2 X 10-* a DPN in phosphate buffer 
of pl 6.7 with or without 2 X 10-? m adenosine or 2 X 10°* m adenylic acid. 50 units 
enzyme, Final volume 1 ml. Incubation period 20 minutes at 37°. Alcohol 
hydrogenase tests were carried out asin Fig. 2. 10 y of aleohol dehydrogenase so- 
ion were used for assay. 


cubation with the deaminase in the presence of these two substances. 
his then is indicative that less desamino DPN is formed and that ade- 
sine and adenylic acid competitively inhibit the deamination of DPN. 
te inhibition can be correlated to the affinities of the various compounds 
or the deaminase (see Table III). 
| Reduced DPN is also deaminated by the taka-diastase enzyme. Evi- 
roxyfence that reduced desamino DPN is formed can be obtained by the 
.d blower rate of reaction of the product with acetaldehyde and alcohol de- 
iwdrogenase. It is of interest to mention that only enzymatically reduced 
DPN is deaminated by the enzyme. Chemically reduced DPN does not 
; this is probably due to inhibition by sulfite. 
Deamination of TPN—In Fig. 4 the activity of the enzyme on ade- 


0 


fre 


XUM 
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nosine derivatives is compared. ADP, ATP, and ADPR, as well as DPX} Dea 
are deaminated by the enzyme. However, TPN is not attacked. tion b 

Kornberg and Pricer (10) have recently reported that the diff concet 
between TPN and DPN is in an additional phosphate group on the ribosat a r 


adeny! 
0. AD 
5-AMP 
Rea 
period, 
oO 
N Deu T 
ADENOSINE 
5-AMP 
AMP-8 
W 
q 
YEAST ADENYLIC 
ACIO 
0.1 
2 6 10 4 #8 22 26 30 34 38 Fia. | 
TIME IN MINUTES 
FiG. 4. Deamination of adenylic acid derivatives by taka-dinstase 
All substrate concentrations 8 X 10° w in 3 ml. of phosphate buffer (pH 6.8). 3° u pl 
units of purified deaminase added in each case to initiate reaction. ' sled 


of the adenylic portion of TPN. This additional phosphate group 
a monoester linkage. 

Schmidt et al. (11) have shown that prostatic phosphatase will act ¢ 
on monoester groupings and not on phosphate diesters. We have fot 
that the prostatic phosphatase will cleave the monoester linkage in 
and yield DPN, which can be measured by yeast alcohol dehydroger 
(Table II). Table IT also shows that the action of the prostatic en 
makes the TPN subject to deamination. It is therefore evident 
the presence of the monoester group in TPN prevents the action of t 

taka-diastase enzyme. 
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DPX} Deamination of Various Adenylic Acids—In Fig. 4 the rates of deamina- 
tion by the enzyme of various adenylic acids are compared, when equal 
tale mio oon of the substances are used. 5-Adenylic acid is deaminated 
ri 


at a rate approximately one-half that of adenosine. Adenylic acid b (3- 
adenylic acid) is also deaminated by the enzyme, the rate being somewhat 


II 
Deamination of TPN and DPN 
Reaction mixture in a volume of 1 ml. in acetate buffer of pH 5. Incubation 
yeriod, 30 minutes at 37°. Appropriate aliquots were then taken for alcohol dehy- 
} irogenase and deaminase determinations. 


DPN, measured by Deamination 
alcohol dehydro- by takadiastase 
genase deaminase 
: aM 
Xu TPN + boiled prostatic phosphatase........ 0 0 
>“ \“ + prostatic phosphatase.............. 9.8 10.5 
0. TREATED 
TREATED TREATED 
O300}—- 
ADENYLIC ACID 
0200} 
"b ADENYLIC ACID 
0100 ‘a’ 
ADENYLIC ACIO 


o246802024680202468H0 12 
TIME IN MINUTES 
Fic. 5. Effect of prostatic phosphatase on rates of deamination of various adenylic 
‘ids. Treated samples were incubated with 0.05 ml. of purified prostatic phospha- 
in 0.1 m acetate buffer (pH 5.8) for 15 minutes. After incubation 2.7 ml. of 
\1 mu phosphate buffer (pH 6.8) were added. 10 units of purified deaminase were 
led to start the reaction. Untreated samples were incubated with 0.05 ml. of 


boiled prostatic phosphatase. 


slower than that of the muscle adenylic acid. However, adenyliec acid 
(2-adenylic acid?) is not attacked by the deaminase. Yeast adenylic 
jacid, which is a mixture of a and b forms, is deaminated at a rate slower 
withan the b isomer. The data in Fig. 4 also illustrate that the yeast prepa- 
adtion is deaminated to an extent of only approximately 60 per cent. This 

would be in good agreement with the view that yeast adenylic acid is a 
mixture of the two isomers. 

In Fig. 5, the rates of deamination of the various adenylic acids before 
and after treatment with prostatic phosphatase are compared. It is evi- 


fot 
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dent that incubation with the phosphatase converts all the adenylic acid} ‘his I 
into products which are deaminated at identical rates and at a rate whid 
is comparable to the action of the enzyme on adenosine. This would 
to suggest that the position of the phosphate is the factor which gov 
the rate of reaction of the three adenylates to the deaminase. 
Affinities of Various Substrates—Table III summarizes data com 
the affinities of a number of adenine derivatives for the deaminase. The} Prdu 
Michaelis constants (K,,) for the substances are roughly of the same 
of magnitude, although adenosine, 5-adenylic acid, and ADP have th 
highest affinities for the enzyme. The K,, for DPN, ADPR, and adenylx 
acid b is approximately twice that of adenosine. These differences ic 


Taste III 
: Affinities of Various Substrates for Deaminase 
The data were obtained by measuring the initial rates of deamination (10 mis 
utes) with several concentrations, at 37°. Deamination determined by change w 
265 mu. The K,, of each substrate was determined from a graphic plot. 


Substance Approximate 
0.6 


affinity account in part for the rate differences found at low substrat 
concentrations (Fig. 4). 

Isolation of Desamino DPN from Deaminase Reaction Mixture—Isolatioa 
of the desamino product from the enzymatic reaction was carried out comple 
follows: 100 mg. of DPN (dissolved in 2 ml. of water) were brought tf based 
pH 6.8 with 0.1 ~ NaOH, and then 1 ml. of 0.2 m glycylglycine (pH 68 
plus 0.4 ml. of enzyme (160 units) was added. After a 40 minute incubs spectr 
tion period, the reaction mixture was adjusted with NaOH until pink) “™!"° 
to phenolphthalein and 0.5 ml. of 25 per cent barium acetate added; this “*- 
was followed by the addition of a volume of alcohol. The procedure ws The 
carried out at room temperature. After removal of the precipitate, the dehyd 
supernatant fluid was placed in an ice bath, and, as a result, a second “°™P* 
flocculent precipitate was obtained, which contained nearly all of the de) @#0" 
aminated product of DPN. This precipitation, in the cold, resemble) + Ty, 
that observed with ADPR and DPN, which has been noted previously] "se; t 
(5). Addition of 2 more volumes produced a further precipitation, bw 
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this product contained only a small amount of the desamino DPN. In 


wa 
th dehydrogenase system is identical to that of the enzymatic product. Both 


ond Mpounds have much lower activities with this enzyme. Further verifi- 
de! cation of the identity of the chemically and enzymatically prepared com- 
ble: 


usly} tase; this is indicated by the fact that the cyanide reaction of DPN (12) is not af- 
byt} feeted by incubation with the enzyme. 


the preparation of the chemical desamino DPN more alcohol was required 
to precipitate the barium salt; this is most likely due to the presence of 

After removal of barium, the amount of nicotinamide riboside linkage 
vas determined by the cyanide reaction.?. The yield of the deaminated 
product was found to be approximately 65 per cent. The absorption 


& ENZYMATIC INOSINE TRIPHOSPHATE 
& CHEMICAL INOSINE TRIPHOSPHATE 


z © ENZYMATIC DESAMINO OPN 
CHEMICAL DESAMINO DPN 
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Fic. 6. Absorption spectra of chemically and enzymatically prepared desamino 
DPN and ITP. Desamino DPN concentration based on absorption of cyanide 
complex. (Millimolar extinction of 6.3 at 325 my (12).) Concentration of ITP 
based on labile P analyses. Spectra determined in neutral solution. 


spectrum of the enzymatic preparation is compared to the synthetic des- 
amino DPN in Fig. 6 and indicates the close similarity of the two prepara- 
tions. Both have absorption maxima at 249 mu. 

The activity of the synthetic desamino compound on the yeast alcohol 


* The pyridine nucleoside linkage remains intact after treatment with the deami- 
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. pounds is indicated by the much slower rate of splitting of these compot 
by the purified DPNase from Neurospora (Fig. 7). 


Isolation of ITP—Inosinetriphosphate has been isolated as a 
product of the action of deaminase on ATP. 
of ATP (free acid, Schwarz) were dissolved in 3 ml. of 0.2 m glycylglyc» 


SPLITTING 


% 


Fie. 7. Action of Neurospora DPNase on desamino DPN. The reaction mixturm 
contained 0.2 um of each nucleotide and 100 units of purified Neurospora DP Nase 


OPN 
ENZYMATIC DESAMINO DPN 
SYNTHETIC DESAMINO DPN 


TIME IN MINUTES 


For the isolation, 100 m 


0.1 mw KH,PO, in all cases. Appropriate aliquots were removed at different 
and amount of splitting determined by cyanide reaction. 
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Activities of Chemically and Enzymatically Prepared ITP in Hezokinase and | Kile 


M yokinase Reactions 


All samples contained 0.01 m MgCl, 0.05 m glucose, 0.05 m NaHCO, in a 


volume of 1 ml. 


13 units of hexokinase and 0.05 ml. of myokinase were used in 


determinations. Time of incubation, 60 minutes; temperature 37°. 

Additions | ATP Chemical ITP | Enzymatic IT? 
None... 5.1 4.4 | 4.6 
Hexokinase......._ . 3.0 2.5 2.9 

a + myokinase | 0.6 2.6 | 2.9 


buffer of pH 6.8 and 200 units of purified deaminase were added. 
final volume was 6 ml., and the pH was adjusted to pH 6.8 with N 


After incubation for 90 minutes at 37°, the mixture was placed in a boiling . 


water bath and then neutralized to phenol red with alkali. 0.5 ml. of ® 


per cent barium acetate was added, along with a volume of alcohol, an 
the precipitate removed by centrifugation. 


The precipitate was wash 


with 50, 95, and 100 per cent alcohol, and finally with ether. After dry 
ing, the yield was 164.9 mg. The absorption spectrum of the enzymati 
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product is compared to that of the chemically prepared inosinetriphosphate 


. | in Fig. 6; the two spectra are identical. 


Kleinzeller (13) has reported that ITP is active in the hexokinase system, 


tl but reacts at a much slower rate than does ATP. This has been confirmed 


nd 


1 


" by using limiting amounts of hexokinase; both the chemical and enzymatic 


inosinetriphosphate preparations have been found to react at similar slow 
rates. Kleinzeller has also indicated that inosinediphosphate is not ac- 
tive in the myokinase reaction. We have also confirmed this observation 
‘Table IV). It can be seen that addition of myokinase promotes a marked 
increase in phosphate transferred from ATP in the presence of a large 


excess of hexokinase, whereas addition of myokinase under the same con- 


ditions caused no changes with the chemical ITP or the enzymatic prepa- 
ration. This, therefore, is further verification that the product of de- 
aminase action on ATP is ITP. 


DISCUSSION 


Enzymatic deamination of ATP and DPN suggests the possibility that 
‘the deaminated derivatives of these compounds may have some réle in 


‘}normal cellular metabolism. Evidence has been obtained which indicates 
that desamino DPN is as active as DPN in a number of dehydrogenase 


systems, whereas in other dehydrogenase reactions the deaminated co- 
enzyme has little activity or is completely inactive.’ 
Kleinzeller (13) has found that myosin ATPase attacks inosinetriphos- 


phate at as rapid a rate as ATP. However, the deaminated product does 


not function in muscle contraction and has not been detected in muscle. 
As yet, deamination of ATP and DPN has been found only with the 
taka-diastase preparation. 

The taka-diastase deaminase is unique in its relative non-specificity when 
compared to other deaminases which have been studied. The muscle ade- 
nylie acid deaminase has been found to be specific for 5-adenylic acid, 
whereas the adenosine deaminases of animal tissues appear to be specific 
for adenosine (2, 14). 

There is still some uncertainty as to the exact structures of adenylic 
acids a and b. Some evidence has been reported indicating that the two 
compounds have the phosphate groupings on different positions in the 


‘tibose, the a isomer containing phosphate on the 2nd carbon, and the b 


.. Somer being linked in the 3 position (15-17). Other evidence has been 


"| presented by Doherty (18), which suggests that the two isomers have the 
hes) Phosphate grouping in the same position and that the difference between 
ru the two isomers is in the configuration of the glycosidic linkage. 


Our evidence would tend to support the view that the difference between 
* Pullman, M. E., Colowick, 8. P., and Kaplan, N. O., in preparation. 
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the two adenylates is in the position of the phosphate grouping. Thi} diast 
conclusion is based on the fact that TPN, which is not deaminated by acid | 


taka-diastase enzyme, can be converted to DPN by prostatic phosphatas 


which is attacked by the deaminase. Since the conversion of TPN tf ae 4 
DPN involves only a removal of the monoester phosphate grouping, it if 4m!" 


highly likely that the two pyridine nucleotides have identical glycosids 


linkages. Furthermore, adenylie acid a, which is not deaminated by th Miffer 
taka-diastase enzyme, can be deaminized after treatment with the pros} bee 


tatic phosphatase. Adenylic acid 6 is attacked by the deaminase, by 
at a rate considerably slower than that of adenosine. However, afte 
removal of the phosphate grouping, the rate of deamination becomes mud 
faster and comparable to that of adenosine and that of the dephosphory- 


have identical rates of deamination after removal of the phosphate group: 
the differences in activity to the deaminase of the intact compounds appewr 
to lie in the position of the phosphate groups. An enzyme catalyzi 
the formation of TPN from ATP and DPN has been described by K 
berg (19). This can also be considered as evidence supporting the vier 
that the two yeast adenylates differ in the position of the phosphate 
ings, unless mutarotation occurs in removal or addition of the ph 
group. Although the above evidence strongly points to the structure 
adenylic acids a and b as being 2- and 3-phosphoadenosine, final veri 
tion of the structures must await the isolation of the corresponding ri 
phosphates. 

The non-deamination of either adenylic acid a or TPN can be 
as confirming evidence of Kornberg and Pricer’s (10) observation on th 
position of the third phosphate in TPN. If adenylic acid a contains th 
phosphate in the 2 position, the interesting possibility exists that 
close proximity of the phosphate group to the adenine nucleus may lew 
to some interaction with the amino group, which might prevent the acti 
of the deaminase. This would not be the case for the 3- and 5-adenyli’ 
acids. 


2 
3. 
ated adenylic acid a and 5-adenylic acid. Since all adenylic acid isomer} 4 
5 
6 


SUMMARY 


1. The deaminase from taka-diastase has been found to deaminate } 
adenylic acid, adenylic acid b (3-adenylic acid), DPN, ADPR, and ADP 
as well as adenosine. Adenine, TPN, and adenylic acid a (2-adenyli 
acid ?) are not attacked by the enzyme. 

2. Desamino DPN and ITP have been isolated and characterized as th 
products of the action of the enzyme on DPN and ATP, 

3. After removal of the monoester phosphate grouping of TPN wit! 
prostatic phosphatase, DPN is formed, which is deaminated by the take 
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-| diastase enzyme. The non-activity of the enzyme on TPN and adenylic 
acid a is confirming evidence for the presence of adenylic acid a in TPN. 
4. Details of the further purification of the enzyme are given. Data 
are also presented on the affinities of the various substrates for the de- 
aminase. 

5. Evidence is presented which suggests that adenylic acids a and b 
differ in the position of esterification of the phosphate, rather than in 
being a- and 8-riboside isomers. 
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COMPARISON OF DIPHOSPHOPYRIDINE NUCLEOTIDE 
WITH ITS DEAMINATED DERIVATIVE IN VARIOUS 
ENZYME SYSTEMS* 


By MAYNARD E. PULLMAN,t SIDNEY P. COLOWICK, anp 
NATHAN O. KAPLAN 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, August 16, 1951) 


Kaplan et al. (1) have reported recently that an enzyme from taka- 
diastase can catalyze the direct deamination of a variety of adenine de- 
rivatives, including adenosinetriphosphate (ATP) and diphosphopyridine 
nucleotide (DPN). This finding raised the possibility that the deami- 
nated forms of these nucleotides, which had heretofore been prepared only 
chemically by the action of nitrous acid, might also occur naturally, and 
made it desirable to study their biological activity. Kleinzeller (2) has 
compared inosinetriphosphate (ITP) with ATP in a number of enzyme 
systems and has shown that, with the exception of myosin ATPase, all 
of the enzymes tested showed considerably lower activity with the deami- 
nated nucleotide. Cori et al. (3) had shown earlier that 5-inosiniec acid 
was much less effective than adenylic acid in the glycogen phosphorylase 
system. Cross et al. (4), however, have found that inosinic acid can re- 
place adenylic acid as a catalytic carrier between phosphate donor and 
acceptor systems in respiring mitochondrial preparations. 

The only study to date of the biological activity of desamino DPN is 
that of Schlenk et al. (5), who showed that it was less active than DPN 
when tested in the alcohol dehydrogenase system of yeast extracts. In 
this paper, experiments are described in which desamino DPN is com- 
pared with DPN in a variety of enzyme systems. 

Materials 

The DPN used in these studies was obtained from the Schwarz Labora- 
tories and was 53 per cent pure by enzymatic assay. The desamino DPN 
employed in early experiments was prepared by two methods. Chemically 
prepared desamino DPN was isolated as the barium salt after deamination 
by nitrous acid. Enzymatically prepared desamino DPN was obtained 

* Contribution No. 21 of the MeCollum-Pratt Institute. This work was sup- 
ported in part by a grant from the American Cancer Society, as recommended by the 
Committee on Growth of the National Research Council. 

t Predoctorate fellow, National Cancer Institute, National Institutes of Health. 
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by incubating DPN with taka-diastase deaminase and isolating the prod. 
uct as the barium salt as described by Kaplan et al. (1). Since the dé 
ferent preparations of the compound react equally well (1), and since th 


chemical preparation was more convenient, it was used as a routine i} prep: 


the later experiments. 

Reduced desamino DPN was prepared enzymatically from the deami. 
nated compound. To 200 mg. of the barium salt of desamino DPN dis 
solved in 16 ml. of water were added 8 ml. of 3 mM ethyl alcohol and 0.6 
ml. of 1 per cent thymolphthalein. To this solution were added sufficier 
0.1 N NaOH to give a light blue color to the reaction mixture (pH 10) an 
0.4 ml. of crystalline yeast alcohol dehydrogenase containing 4 mg. « 
protein. The reaction was allowed to continue at room temperature fe 
1 to 2 hours, with frequent swirling and additions of 0.1 N NaOH to main- 
tain the alkaline pH. 

At various intervals during the incubation, 0.05 ml. aliquots were re. 
moved, diluted in 3.0 ml. of 1.0 a NasCO, and 1.0 m KCN, respectively, 
and the optical densities at 340 mp compared. ‘This procedure allowed a 
estimate of the degree of reduction of the desamino DPN, and is based « 
the recent report of Colowick et al. (6). The extra absorption in th 
cyanide mixture is a measure of the amount of nicotinamide riboside re 
maining unreduced. With pure DPN as the starting material, the read. 
ings will be identical at the end of the reaction. In practice, with com- 
mercial DPN, the NazCO; reading at complete reduction was 85 per cen’ 


of the cyanide reading. This difference is a measure of the degree of con 


tamination with other nicotinamide riboside compounds. 
At the end of the reaction the incubated mixture was placed in a boiling 


water bath for 5 minutes. After the addition of 2.0 ml. of 25 per cen 


barium acetate, the resulting suspension was centrifuged for 5 minute 
and the precipitate discarded. To the clear blue supernatant fluid wer 
added 5 volumes of 95 per cent ethyl alcohol. The white flocculent bar 
ium salt of desamino DPN H), was centrifuged in the cold and washed with 
100 ml. of an ethyl alcohol-ether mixture (80 ml. of ethyl alcohol, 20 ml. ¢ 
ether), and finally with pure ether. The precipitate was dried in racw 
overnight. The yield of the barium salt was 156.2 mg. The purity was 
the same as that of the starting material, ¢.e. approximately 50 per cent 
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Prior to use, the barium was removed by the addition of excess K SO, 


The absorption spectrum of reduced desamino DPN is given in Fig. L. _ 


Reduced DPN (DPNHI,) was prepared as described above, except that 
one-tenth the amount of aleohol dehydrogenase was used. 

Crystalline yeast aleohol dehydrogenase was prepared according t 
Racker (7). Crystalline horse liver alcohol dehydrogenase Was prepared 
according to Bonnichsen and Wassén (8) and kindly supplied to us by Dr 
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4. F. Bliss. This preparation had about one-hundredth of the specific ac- 
tivity of the yeast enzyme. DPNase was prepared from \eurospora ac- 
cording to Kaplan et al. (9). Pyridine nucleotide transhydrogenase was 
prepared from Pseudomonas fluorescens according to Colowick et al. (10). 
Purified lactic dehydrogenase was prepared from pig heart as described by 
Straub (11). Purified acetaldehyde dehydrogenase was prepared from 


~---MILLIMOLAR EXTINCTION 
162 (CALC FROM E340) 


MILLIMOLAR EXTINCTION 


240 290 330 370 £4410 


A (mu) 

Fic. 1. Absorption spectrum of desamino DPNH,. A solution of the sodium salt, 
equivalent to 0.16 mg. of the barium salt per ml., was used. The value of 6.3 for the 
millimolar extinction at 340 mg is assumed on the basis of the established value for 
the nicotinamide-riboside moiety of DPNH,. The position of the second peak at 
20 ms and the value of 16.2 for the calculated millimolar extinction at this wave- 
length correspond closely to the expected values for the contribution of the hypo- 
xanthine moiety of desamino 


beef liver according to Racker (12). Formic dehydrogenase, prepared as 
described by Mathews and Vennesland (13), was furnished by Dr. Alvin 


| Nason and Dr. Henry Little. The particulate system used as a source 
_ of 8-hydroxybutyrate dehydrogenase was prepared from rat liver as de- 
stibed by Lehninger and Kennedy (14). Rabbit heart particles used as 


a source of cytochrome ¢ reductase were prepared according to Ochoa (15). 
Crystalline triosephosphate dehydrogenase was prepared from muscle ac- 
cording to Cori ef al. (16). Yeast triosephosphate dehydrogenase, pre- 
pared according to Warburg and Christian (17), was furnished through 
the kindness of Dr. E. Racker. 
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Methods 


Spectrophotometric measurements were made with a Beckman 
DU spectrophotometer, with plastic cells of 1 cm. light path. The i 
velocities as measured at 340 my were taken as the basis of comparison 
DPN and desamino DPN. The protocols for the various enzyme sys 
tems studied are given in the legends accompanying the figures. 


RESULTS AND DISCUSSION 


DPN and Desamino DPN in Yeast Triosephosphate Dehydrogenase Sy 
tem—These experiments illustrate two general observations characteriati 


DESAMINO DPN 


x 10°79 
Fic. 2. Comparison of DPN with desamino DPN in the yeast triosephosphate de 


hydrogenase system (Lineweaver-Burk plot). The reaction mixtures (3.0 ml. 
contained 0.05 m sodium pyrophosphate buffer of pH 8.4, 0.003 m cysteine, 0.3 mg 
of yeast triosephosphate dehydrogenase, 0.005 m sodium arsenate, 0.04 m pL-gly 
ceraldehyde, and varying amounts of the two nucleotides. The reciprocal of th 
initial velocity (optical density change per minute) is plotted against the reciprocs 
of the nucleotide concentration. 


of all the systems studied in which desamino DPN was less active tha 


DPN. From the Lineweaver-Burk plot in Fig. 2, it is apparent that! 


even at saturating concentrations of both nucleotides, desamino DP) 
showed only one-tenth of the activity found with DPN. This indicate 
that the enzyme-coenzyme complex is actually less reactive in the case ¢ 
desamino DPN. Furthermore, it can be seen that at the lowest nv 
cleotide concentrations tested desamino DPN showed only about one 
seventieth of the activity found with DPN. This is a reflection of the 
lower affinity of desamino DPN for the enzyme. From the data in Fig.? 
it can be calculated that the dissociation constant of the enzyme with 
desamino DPN is 80 X 10-° mM. This is to be compared with the vale 
of 4 X 10-° m for DPN, reported by Warburg and Christian (17) for th 
yeast enzyme with glyceraldehyde as substrate, and by Cori et al. (16 
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for the muscle enzyme with glyceraldehyde phosphate as substrate. Thus, 
in addition to a 10-fold higher activity of the DPN-enzyme complex, 
there is a 20-fold greater affinity of DPN for the enzyme. Preliminary 
experiments with the muscle enzyme, with glyceraldehyde phosphate as 
substrate, show that desamino DPN is much less active than DPN in this 
system also. 

DPN and Desamino DPN in Liver and Yeast Alcohol Dehydrogenase 
Systems—With yeast alcohol dehydrogenase (Fig. 3, a) it is apparent that, 
even at nucleotide concentrations which are seemingly saturating, the 
activity of the desamino DPN is less than 50 per cent that of the DPN 
and that at lower concentrations (down to 2 X 10~* m) the difference be- 
comes progressively greater. Therefore it also appears that in this case 
there is a lower affinity of desamino DPN for the enzyme, as well as a 
lower reactivity of enzyme-coenzyme complex. When the reaction is 
tested in the opposite direction, desamino DPNH, is less active than 
DPNH:, the ratio of activities being about 1:8 at the single concentration 
tested (Fig. 4, b). 

In Fig. 3, a it can be seen that there is no difference between the ac- 
tivities of these compounds with liver alcohol dehydrogenase at all nucle- 
otide concentrations tested. It is interesting to note that the same 
enzyme from different sources not only reacts differently with desamino 
DPN, but also shows differences in affinity for DPN. In this connection 
we have observed that TPN is approximately one-hundredth as active as 
is DPN in the liver system, but completely inactive with the yeast en- 


zyme. 

Acetaldehyde Dehydrogenase—F ig. 3, b again illustrates that the relative 
inactivity of desamino DPN is due partly to a decreased reactivity of the 
enzyme-coenzyme complex, as indicated by the fact that the activity is 
lower even at full saturation, and partly to a lower affinity of desamino 
DPN for the enzyme. 

Lactic Dehydrogenase—F igs. 3, c and 3, d show an experiment comparing 
the activity of these compounds with beef heart lactic dehydrogenase. 
Fig. 3, c indicates the activity of the oxidized coenzymes with lactate as 
the substrate. It can be seen that desamino DPN was about 75 per cent 
as effective as DPN at saturating nucleotide concentrations and less effec- 
tive at lower concentrations. Fig. 3, d indicates the activity of the reduced 
nucleotides in the direction of pyruvate reduction. In this case it is ap- 
parent that desamino DPNH; was approximately 3 times as active as 
DPNH; at the highest concentrations of nucleotide tested. This is the 
only case observed in which the deaminated nucleotide actually exhibited 
higher activity than the intact nucleotide. 

In view of the fact that the reaction with the deaminated nucleotide 
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proceeded more rapidly than with DPN in one direction, but less rapidly 


than DPN in the other direction, it seemed that perhaps the equilibrium 
19 00 
~ 
b 
Bere 
M X 104 
| d 
3 9 15 2! 27 4 8 i2 6 
mM x 105 M xX 10° 


Fic. 3. Concentration-activity curves for comparison of DPN with desamine 
DPN in various dehydrogenase systems. @ is DPN, and O is desamino DPN 
(a) Liver (L) and yeast (¥) alcohol dehydrogenase. The reaction mixture con. 
tained 2.5 ml. of a solution of 0.5 m ethanol in 0.1  tris(hydroxymethyl)amino 
methane (pH 10.1) and 0.2 ml. of appropriate concentrations of the indicated nucleo 


tide. The initial velocity (15 to 30 second interval) was noted after addition of 0. : 


ml. of a solution containing 6 y of crystalline yeast alcohol dehydrogenase or 75 7 ¢ 
liver aleohol dehydrogenase. Velocities (v) are expressed as per cent of maximum 
rates obtained on saturation with DPN (AE og per 15 seconds = 0.44 for yeast an 
0.04 for liver enzyme). (6) Liver acetaldehyde dehydrogenase. The reaction mix 
ture (3.0 ml.) contained 0.01 mM pyrophosphate buffer of pH 9.1, 0.005 m cysteine, 0! 


ml. of enzyme, 0.003 m acetaldehyde, and varying concentrations of the two nucleo} 


tides. The reaction was started with acetaldehyde and the initial velocity (15 t 
30 second interval) was measured. (c) Comparison of DPN with desamino DP) 
in the heart lactic dehydrogenase system. The reaction mixture contained 2.7 ml. 
of 0.1 Mm Na,HPO,, 0.1 ml. of 0.5 mM sodium lactate, 0.1 ml. of 2.0 Mm hydroxylamine, 
and 0.1 ml. of the appropriate concentration of nucleotide. The reaction was 
started by the addition of 0.05 ml. of the enzyme. (d) Comparison of DPNH, with 
desamino DPNHI, in the heart lactic dehydrogenase system. The reaction mixture 
(3.0 ml.) contained 2.5 ml. of 0.1 Mm phosphate buffer of pI1 7.2, 0.1 ml. of 0.15 m sodium 
pyruvate, and varying amounts of DPNII,, or desamino DPNH,. The reaction wa 
started with the addition of 0.05 ml. of enzyme. 


constants for the two reactions were different. However, Schlenk ef al 
(5) have shown that at values above pH 7 the potentials of the DPN and 
desamino DPN systems are equal. ‘Therefore it is probable that the dif 
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ferences in rates reflect a difference in the affinities of some of the react- 
ants, a8 indicated by the equation recently described by Horecker et al.,' 
relating the equilibrium constant to reaction rates and affinities. 

Formic Dehydrogenase—lIn Fig. 4, c the relative activities of these nucle- 
otides are compared at only one concentration. Desamino DPN was ap- 
proximately 50 per cent as active as DPN under the conditions chosen. 

8-H ydroxybutyric Dehydrogenase—As can be seen in Fig. 4, ¢, there was 
no detectable activity in this system with desamino DPN at the enzyme 
concentration used. Higher concentrations could not be tested because 
of the opacity of the enzyme preparation. The decrease in absorption 


| noted shortly after the addition of desamino DPN is due to a settling out 


of the enzyme particles after mixing. An additional point which should 
be noted is that desamino DPN does not inhibit the reduction of DPN. 
This is shown by the fact that addition of DPN to a system containing 
desamino DPN resulted in a rate comparable to that obtained with DPN 
alone. 

Pyridine Nucleotide Transhydrogenase—Fig. 4, d shows that desamino 
DPN was as effective as DPN in the reaction with TPNH). This fact 
made it possible to demonstrate that the reaction consists in a transfer of 
electrons rather than a transfer of phosphate (18). It would have been 
impossible to distinguish between these two possibilities with DPN, with- 
out resorting to isotopically labeled pyridine nucleotides. The use of 
desamino DPN as a kind of “chemically labeled” DPN has also proved 
to be of value in demonstrating other hitherto unsuspected interactions 
of the pyridine nucleotides (18). 

Cytochrome c Reductase—In Fig. 4, a, the rates of reduction of cyto- 
chrome ¢ by a-ketoglutarate, DPNH:, and desamino DPNH, are illus- 
trated. The two nucleotides were equally effective in this system at the 
concentration tested. Both were considerably more effective than keto- 


'Horecker, B. F., Kornberg, A., and Gergely, J., unpublished. For the case 


‘| deseribed here, since the equilibrium constant, K,, is the same for the reactions 


with DPN and desamino DPN, the following relationship between velocities and 


‘| dissociation constants would exist 


K K Vi’ K’ pyruvate’ Kdesamine DPNH: 


where I; and V; represent the maximum initial velocities for the oxidation of lactate 
and reduction of pyruvate, respectively, in the DPN system, and V,‘ and V;’ have 
the same connotation in the desamino DPN system. Since it was found that the 
ratio V./V; was approximately 4 times as great as the ratio V,'/V_", it appears that 
differences probably exist in the affinities for the reactants in the two systems. 
Differences in K,, of this order of magnitude would, however, be difficult to verify 


experimentally. 
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TIME IN MINUTES 

Fic. 4. Time curves for comparison of DPN with desamino DPN in various elec 
tron transport systems. @, DPN; O, desamino DPN; and A, a-ketoglutarate 
(a) Heart cytochrome c¢ reductase system. The reaction mixture (3.0 ml.) co 
tained 2.0 ml. of 0.05 m phosphate buffer, 0.15 ml. of 0.1 mM MgCl,, 0.2 ml. of! 
x 10°* m (5 per cent) cytochrome c, 0.03 ml. of 0.1 m KCN, and 0.1 ml. of en 
zyme. The reaction was started by adding one of the following at the final concen! 
tration indicated: DPNH, (2 X 10~* m), desamino DPNH, (2 X m), or sodiur 
a-ketoglutarate (3 X 10°? mM). The reduction of cytochrome c was followed by meas 
uring the decrease in absorption at 480 my. Measurement of the decrease in ab 
sorption at 480 my, rather than of the increase at 550 my, was necessary in order t 
avoid the high readings at 550 my at the cytochrome ¢ concentration employes 
The high concentrations of cytochrome c were used in order to provide sufficier 
material for subsequent studies of the phosphate uptake coupled with electro 
transport in this system. The results of these studies will be the subject of: 
later communication. (b) Comparison of DPNH, with desamino DPNH, in th 
yeast alcohol dehydrogenase system. The reaction mixture (3.0 ml.) contained 0! 
M potassium phosphate buffer at pH 7.5, DPNH, or desamino DPNH, at a concen 
tration of 4 X 10-5 mM, 0.003 m acetaldehyde (redistilled), and 6 y of the erystallix 
yeast alcohol dehydrogenase. After addition of the enzyme, the rate of decrease it 
absorption at 340 mw was measured. (c) Pea formic dehydrogenase system. Th 
reaction mixture (3.0 ml.) contained 2.3 ml. of 0.5 m phosphate buffer of pH 64 
0.3 ml. of enzyme, 0.3 ml. 0.5 Mm sodium formate, and DPN or desamino DPN at: 
final concentration of 13 K 10°¢m. The reaction was started with formate. (é 
Pyridine nucleotide transhydrogenase system. The assay system described by Co 


lowick et al. (10) was used. The test consisted in adding an excess of isocitrat! 


and isocitric dehydrogenase to a small amount of TPN in phosphate buffer. Afte 
complete reduction of the TPN (30 seconds), DPN or desamino DPN was added it 
a final concentration of 1.4 X 10~* m, and the rate of increase in absorption at # 
my was measured. The rate of reduction of these compounds is proportional t 
the amount of transhydrogenase added to the test system. (e) Liver 8-hydroxy 
butyrate dehydrogenase system. The reaction mixture contained 2.3 ml. of 0.1% 
phosphate buffer of pH 7.4, 0.3 ml. of 0.01 m potassium cyanide, 0.02 ml. of the e 
zyme suspension, and 0.1 ml. of 0.4 m 6-hydroxybutyrate. DPN or desamino DP) 
at a final concentration of 1.3 K 10~¢ m was added to start the reaction. 


05 
© 
04 
ost 
02 
| 
trios 
dro: 
the 
| lowe 
acti 
| acti 
1] 
2. 
5. 
6. ¢ 
8. 
10. 
ll. 
12. F 
600 


PULLMAN, COLOWICK, AND KAPLAN 601 


gutarate. This is to be expected, since ketoglutarate oxidation is now 
known to be DPN-linked (19, 20). 

Slater (21) has shown that, when ketoglutarate is the substrate in this 
system, at least 2 molecules of phosphate can be esterified per electron 
pair transferred. It is therefore likely that DPNH; oxidation in this sys- 
tem can be coupled with phosphate esterification. Experiments are un- 
der way to determine whether desamino DPN is as effective as DPN in 
the coupling of respiration with phosphorylation, in order to assess the 
réle of the amino group in the coupling process. 


SUMMARY 


1. Desamino DPN, prepared chemically or enzymatically, has been 
compared with DPN in a variety of enzyme systems. 

2. It has essentially the same activity as DPN in the following sys- 
tems: alcohol dehydrogenase from horse liver, cytochrome c reductase 
from rabbit heart, and pyridine nucleotide transhydrogenase from Pseudo- 
monas fluorescens. 

3. It is less effective than DPN in the following systems, arranged in 
order of decreasing reactivity: formic dehydrogenase from peas, alcohol 
dehydrogenase from yeast, acetaldehyde dehydrogenase from beef liver, 
triosephosphate dehydrogenase from yeast or rabbit muscle, and 8-hy- 
droxybutyrate dehydrogenase from rat liver. 

4. In those systems in which desamino DPN is less effective than DPN, 
the diminished activity is due to a combination of two factors; namely, a 
lower affinity for the enzyme and a lower activity of the enzyme-coenzyme 
complex. 

5. In the pig heart lactic dehydrogenase system, desamino DPN is less 
active than DPN for lactate oxidation, but desamino DPNH: is more 
active than DPNH; for pyruvate reduction. 
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A STUDY ON THE METABOLISM OF GLYOXAL IN VITRO* 
By ERNEST KUNt 
(From the Department of Medicine, University of Chicago, Chicago, Illinois) 
(Received for publication, May 29, 1951) 


It was found by Kisch (1) that methylglyoxal inhibits tissue respiration 
in vitro. The mechanism of this inhibition is the combination of methyl- 
gvoxal with enzyme proteins, requiring —-SH groups for their catalytic 


activity (2). As a continuation of these experiments, the specificity of 


the widely distributed glyoxalase-glutathione (GSH) system was tested 
with both methylglyoxal and glyoxal. This study in turn led to the char- 
acterization of the biochemical action and detoxification of glyoxal. 


EXPERIMENTAL 
Inhibition of Tissue Metabolism by Glyozxal 


The inhibitory effect of glyoxal was tested on the respiration of tissue 
slices and on the hexokinase and triosephosphate dehydrogenase activity 
of tissue extracts and homogenates. The glyoxal content of the commer- 
cial glyoxal hydrate (Delta Chemical Works, New York) was det:mined 
by iodometric titration (3) and by a colorimetric procedure (4). Appro- 
priate dilutions were made before each experiment, and the pH of the 
glyoxal solution was adjusted to 7.4. The respiration of slices of rat 
tissues was measured by the conventional manometric technique. The 
suspending medium was freshly made Krebs-Henseleit solution (5) in a 
final volume of 3 ml. Hexokinase was extracted from rat brain (6) and 
muscle (7) and determined manometrically (8). The triosephosphate en- 
tyme activity of homogenates was measured by the CO, evolution due to 
3-phosphoglyceric acid formation from hexosediphosphate (9-11). The 
results are summarized in Tables I and II. Glyoxal was inhibitory in all 
experiments, with the exception of the respiration of liver slices. Glyoxal 
in concentrations of 10-? to 2 X 107? m elevated the O, uptake of liver 
slices, indicating that glyoxal is metabolized by this tissue. The metabo- 
lism of glyoxal was further investigated. 


* This investigation was supported by a grant of the United States Public Health 
Service. A preliminary report was presented before the American Society of 
Biological Chemists at Cleveland, May 3, 1951 (Federation Proc., 10, 316 (1951)). 

t Present address, Departments of Medicine and Biochemistry, Tulane Univer- 
sity, New Orleans, Louisiana. 
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Enzymatic Formation of Glycolic Acid from Glyoral -* 


Glyoxal, like other aldehydes, may be aerobically oxidized by xanthine wit! 
oxidase (12). This aerobic metabolism of glyoxal was, however, not in] sb 


TaBLe I 
Respiration of Rat Tissue Slices in Krebs-Henseleit Solution in Presence of Glyoz hon 


Tissue Substrate Glyoral 

wl. 
Brain None None 90 

1.5 X 30 67 
Pyruvate (10-? m) None 230 

Same 1.5 X 50 78 
Kidney Glucose m) None 318 

Same 2x 10° 254 20 

7x 10° 82 74 
Heart None 170 

14 X 60 65 
Liver None None 130 
7x 10° 136 


Temperature, 37°; gas phase, 100 per cent O,. Respiratory CO, was absori tor 
by 0.1 ml. of 20 per cent KOH placed in the center well with a strip of filter pape © 
The weight of tissue slices per flask was 40 to 60 mg. for brain, 90 to 120 mg. fo fate 
kidney, 50 to 70 mg. for heart, and 140 to 160 mg. for liver. USE 


addi 

Tas.e II In 

Effect of Glyozal on Hezokinase and Triosephosphate Dehydrogenase of Extracts from 
Rat Brain and Muscle pare 

Hexokinase | Triosephosphate enzyme mer 

Enzyme | Glyoxal Activity | Enzyme | Glyoxal | Actviy 

| 

Brain* None 44 Braint None 4.3, Close 

Musclet None Musele§ None 42.4 the s 

° Equivalent to 50 mg. of acetone powder. wwe 

t 50 mg. homogenized in 8.5 per cent sucrose. the 

t Equivalent to 200 mg. of fresh muscle. glyo: 

§ 50 mg. homogenized in water. acid 
vestigated further. Fresh tissue homogenates rapidly convert methy!- a. 


glyoxal anaerobically to lactic acid, while the same enzyme preparations 
form acid from glyoxal at a very low rate. When GSH was added to the 2© Fe 
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giyoxalase preparation in the presence of glyoxal as substrate, appreciable 
acid formation occurred. The GSH requirement of the glyoxalase reaction 
inthin}| with methylglyoxal and glyoxal as substrates was compared, enzyme and 
not in} substrate concentrations being kept constant. Glyoxalase-containing tis- 

sue extracts were prepared from rat tissues by centrifugation of tissue 
Glyor homogenates (in 0.15 m KCl) at 20,000 x< g for 1 hour at 4°. The rest 
.....| of the procedure was that employed by Cohen (13). Glyoxalase prepara- 
rceat | tions of liver, muscle, brain, and Walker carcinoma gave essentially the 
same results. For this reason only the results obtained with rat liver 
glyoxalase are recorded in this paper. The dialyzed glyoxalase prepara- 
ao tion did not catalyze acid formation from either methylglyoxal or glyoxal 

without added GSH. The glyoxalase reaction was measured manometri- 
cally under anaerobic conditions. 

The rate of acid formation from methylglyoxal or glyoxal as a function 
20. of the amount of GSH (tipped in from the side arm after 7 minutes equi- 
74 jibration) showed characteristic differences. With methylglyoxal as sub- 
strate, the rate of lactic acid formation was a linear function of the amount 
of GSH within the range of 0 to 100 y. Above 500 y of GSH per flask, 
the rate declined and, when the GSH concentration was equimolar with 
-—  *thylglyoxal, the glyoxalase reaction was completely inhibited. How- 
sor! Jer, the acid formation from glyoxal was never inhibited by GSH. The 
hae jate of acid formation from glyoxal increased with increasing amounts of 
GSH until the molarity of GSH reached twice that of glyoxal. Further 
additions of GSH did not increase the rate of acid formation from glyoxal. 

In order to obtain further information on the nature of the glyoxalase 
ets from action, the semimercaptals of both methylglyoxal and glyoxal were pre- 
————pared by the procedure of Yamazoye (14). The monoglutathione semi- 

mercaptal of methylglyoxal and the diglutathione complex of glyoxal were 
Activity PFecipitated 7 times from their aqueous solutions with an excess of 
______absolute ethanol and the light powder was dried to constant weight at 
pce. 20° in vacuo. The GSH content of the purified semimercaptals (15) agreed 

4.3 Closely with the theoretical values (1 mole of GSH and 1 mole of methyl- 

1.1 glyoxal, 2 moles of GSH and 1 mole of glyoxal). It is noteworthy that 

42.4 the semimercaptals were not formed at a pH lower than 4.0 or higher than 

25-4 78 (optimum about 4.8 to 5.4). The aqueous solutions of semimercaptals 
~~ Were brought to pH 7.6 with bicarbonate and immediately pipetted into 

the side arms of manometer flasks. The main compartment contained 
tlyoxalase in phosphate-bicarbonate buffer (see legend to Fig. 1). The 
acid formation under anaerobic conditions was measured as usual. 
rethyl- It can be seen from Fig. 1 that appreciable acid was formed from the 
-ations “glutathione semimercaptal in the presence of glyoxalase, while virtually 
to the2® Feaction occurred with the monoglutathione complex: of methylglyoxal. 
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The linear rate of acid formation from glyoxal-(GSH),. without gly 
is probably due to hydrolysis of the complex. The rate of non-enzymati 
acid formation from glyoxal-(GSH), increased with increasing alkalinity 
but was always far below the enzyme-catalyzed reaction rate. 

The identification of glycolic acid formed enzymatically from glyoxal. It 
(GSH): was carried out by means of paper chromatography (16) and by th, ¢, 
carbazole color reaction of Dische (17). The contents of the flask wen}, 
deproteinized by 0.3 ml. of 100 per cent trichloroacetic acid, and 10 to 44; 
20 yl. of the filtrate were used for chromatography. The chromatogram 


20 40 60 
TIME IN MINUTES 
Fic. 1. Curve I, glycolic acid formation from glyoxal-(GSH), by dialyzed 

liver extract (equivalent to 200 mg. of fresh liver). Curve II, acid formation f 
glyoxal-(GSH), complex without enzyme. Curve III, acid formation from meth 
glyoxal-GSH semimercaptal by rat liver extract (enzyme same as in Curve I). 
flask contains 0.3 ml. of PO, buffer (pH 7.6), 2.3 K 10°*m NaHCO,. Substrates wer Fi 
tipped in after 5 minutes equilibration, and readings started after an additional 9s fins 
minutes equilibration. Total volume 3 ml.; temperature of bath, 37°; gas phasejfuged 
95 per cent Nz + 5 per cent CO,. Substrate concentrations, 10~? m glyoxal (Curvéol fre 
I), methylglyoxal, and GSH (Curve III); GSH concentration in Curves I and [ftratic 
2 xX 10°? a. 


ne ¢ 
were developed at room temperature (24-26°) according to the directions} 
of Lugg and Overell (16). The free glycolic acid was detected with ag! 
indicator containing 40 mg. of thymolsulfophthalein and 40 mg. of dibrojy ;,,,, 
mosulfophthalein in 100 ml. of 95 per cent ethanol, made alkaline with 9,4, 
drops of 20 per cent KOH. With this indicator, glycolic acid appearedy, 
us a bright yellow spot on a light green background. The 2» values of,4,,, 
glycolic acid ranged from 0.620 to 0.580. Glycolic acid could be detected, 
in the content of respirometer flasks where acid formation was catalyzed), , 
by glyoxalase. The carbazole test (17) was carried out on 0.2 ml. samp 
of deproteinized filtrates. The glyoxal carbazole chromogen had an abjy 4 
sorption maximum at 600 mg. Glycolic acid reacts with carbazole 
after treatment with an excess of concentrated HLS0O,, resulting in a chro}, 
mogen with a maximum at 575 mg. Both methods clearly demonstrat@,)), 
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“I that, in the presence of glyoxalase, glycolic acid was formed from glyoxal- 
(GSH)s. 


Oxidation of Glycolic Acid to Glyoxylic Acid 


lyoxal It was of obvious interest to ascertain whether or not glycolic acid can 
by th i further metabolized by mammalian tissues. Dohan (18) reported in a 
kK Wet} icief note that the respiration of minced liver tissue is increased upon 
| 10 ty addition of glycolate. This observation was confirmed and extended. 


100% 02 


zed 


yn f 
neth 20 0 60 


TIME IN MINUTES 
eswer Fic. 2. Each flask contained 0.3 ml. of PO, buffer (0.1 m, pH 7.4), Na glycolate in 
ional $a final concentration of 2 X 10°? um. The enzyme preparation consisted of a centri- 
phaseffuged and dialyzed rat liver extract, equivalent in A to 400 mg., in B to 240 mg. 
(Curv@ol fresh liver. Formate, pyruvate, glyoxylate, glyoxal, and methylglyoxal concen- 
and Iftrations (in 3 ml. of reaction mixture) 10°? mM; 0.3 ml. of 4 per cent ethanol added in 
. Ethanol alone was not oxidized by the enzyme. Pyocyanine, 0.5 mg. per flask. 
ne center well contained 0.1 ml. of 20 per cent KOH absorbed on filter paper. The 
tionspresence of KOH did not influence glycolate oxidation and was used only to absorb 
ith am: liberated in the first 10 minutes from the bicarbonate-containing liver extract. 


wit 


‘LLiver slices, total homogenates, centrifuged extracts, or extracts of liver 
acetone powder oxidize glycolic acid aerobically or anaerobically. It was 
peareSshown that the supernatant fluid (in 0.15 m KCl) of liver homogenates 
ues after centrifugation at 100,000 < g for 60 minutes contained the complete 
tected stem capable of performing the oxidation of glycolic acid. Cyanide had 
effect on glycolate oxidation. The glycolate-oxidizing enzyme is a 
_ uble protein which reduces molecular oxygen without the participation 
nM bof the eytochrome system. The addition of coenzymes did not alter the 
PO! elveolic acid oxidation by the liver extract. The rate of aerobic glycolate 
oe Yexidation was dependent on the oxygen tension. Pyocyanine was a suit- 
stral@sble electron mediator and considerably increased the rate of glycolate 
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oxidation in air. Methylene blue, brilliant cresyl blue, and 2 ,4-dichlong| m 
phenolindophenol had no effect on glycolate oxidation. The above prope} of 0 
ties suggested the flavoprotein nature of the glycolate-oxidizing enzym|} G 

In such a system, the formation of H,O, would be expected and in th fied 
presence of catalase, according to Keilin and Hartree (19), coupled oxids The 
tion of ethanol should occur. This was found to be the case. Pyruvay acid 


min: 
500 | 
THEORETICAL (10 MIC ‘dept 
with 
solu 
plo, opti 
Isnt ‘intl 
ul C0, > COMPLETE OXIDATION OF 
| 20 MICROMOLES OF GLYCOLATE mali 
BY RAT LIVER EXTRACT IN 100%) oxal 
+ (THE DIALYSED EXTRACT my. 
100} CORRESPONDS 10 126M 
+ PYOCTANINE FRESH LIVER) 
TIME IN MINUTES TIME IN MINUTES ian 
Fic. 3 Fia. 4 

Fic. 3. Anaerobic oxidation of glycolate by ferricyanide. Each flask contai 
2.5 X 10°? m NaHCO, in a final volume of 3 ml. Potassium ferricyanide (0.2 ml. G 

a 5 per cent solution) was tipped in from the side arm after 5 minutes equilibrati 
to start the reaction, and readings were taken after a second 5 minutes equilibrati cata 
Concentration of glycolate, 2 X 10°? m; of pyocyanine 0.5 mg. per flask. Gas, @glyo 
per cent N, + 5 per cent CO;. The enzyme was a centrifuged and dialyzed e dial 
(with 0.15 m KCl) of rat liver, equivalent to 0.5 gm. of fresh tissue weight per of tl 
Fic. 4. The substrate was placed in the side arm and tipped in after 10 min T 
equilibration; gas phase, 100 per cent O; temperature, 37°. The amincguanidi 
hydrochloride solution was pipetted into the main compartment together with of g 
enzyme + 0.3 ml. of 0.1 Mm phosphate buffer of pH 7.4. The center well con enz) 
0.1 ml. of 20 per cent KOH absorbed on a strip of filter paper. glvc 
and formate did not serve as secondary substrates. Methylglyoxal ay 
glyoxal strongly inhibited glycolic acid oxidation. Glyoxylic acid was —_ 
oxidized by the same enzyme preparation. The results of these expen an 
ments are summarized in Fig. 2. Anaerobic oxidation of glycolate med 
ferricyanide is demonstrated in Fig. 3. Here, again, pyocyanine In { 
as electron mediator between ferricyanide and glycolate. Unlike the acti 
zyme system in plants, which oxidizes glycolic acid to CO, and H,O (20-22) com 
the mammalian liver glycolic enzyme, present in dialyzed centrifuges 


extracts, oxidizes glycolate only to glyoxylate. It was shown that, 


wae met 
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| mole of glycolic acid was oxidized to 1 mole of glyoxylie acid, 0.5 mole 


of was absorbed (Fig. 4). 


Glyoxylic acid was estimated by the reduced fuchsin reagent and identi- 
fed by paper chromatography, as previously described for glycolic acid. 


idst The R » values for glyoxylic acid ranged between 0.200 to 0.178. Glyoxylic 


acid appeared as a pink spot on the filter paper. The quantitative deter- 
mination of glyoxylic acid was carried out by a spectrophotometric pro- 
cedure utilizing the reaction of aminoguanidine with the aldehyde acid 


1 (23). Perchloric acid in a final concentration of 10 per cent was used for 


deproteinization. The perchloric acid filtrate was brought to pH 8.0 
with KOH and refiltered; then 0.5 ml. of aminoguanidine hydrochloride 
solution (6 X 10-? Mm) was added and the volume made up to 10 ml. The 
optical density at 300 my was proportional to the amount of glyoxylic acid 
in the range of 0.05 to 0.5 um per ml. Glycolic, formic, aminoacetic, and 
malic acids do not interfere, while the aminoguanidine derivatives of gly- 
oxal, methylglyoxal, keto acids, and dihydroxyacetone absorb light at 300 
my. Aminoguanidine accelerates glycolic acid oxidation by removing the 
end-product, as shown in Fig. 4. Glyoxylic acid depresses tissue respiration 
24) by inhibiting —-SH enzymes, but is a less potent inhibitor than glyoxal. — 

The glycolate-oxidizing enzyme was found only in a variety of mammal- 
ian livers. The isolation of this enzyme is in progress. 


DISCUSSION 
Glyoxal was found to inhibit enzymes requiring —SH groups for their 


catalytic activity. Doerr, Bopp, Kuhn, and Quadbeck (25) reported that 


gyoxal, when injected intravenously, produces pancreatic damage and 
diabetes, similar to alloxan. It is likely that this tissue damage is a result 
of the reaction of glyoxal with tissue proteins. 

The participation of the glyoxalase-GSH system in the detoxification 


of glyoxal is of particular interest. Racker has recently isolated the two 


enzyme fractions necessary for the formation of lactic acid from methyl- 
glyoxal (26) and has suggested a mecRanism of the glyoxalase reaction. 
According to his scheme, which is essentially the same as that proposed 
by earlier workers (cf. (2)), an intermediate aldehyde-GSH complex is 


jformed, consisting of 1 mole of methylglyoxal and 1 mole of GSH. It is 


clear, however, that the semimercaptal of methylglyoxal is not the im- 


‘}mediate precursor of lactic acid, as is also shown in the present paper. 


In fact, in the presence of increasing amounts of GSH, the glyoxalase re- 
action is inhibited up to 100 per cent, when the GSH concentration be- 
comes equimolar with methylglyvoxal. Apparently GSH in such high con- 
centrations inhibits glyoxalase, possibly by semimercaptal formation with 
methylglyoxal. On the other hand, GSH in high concentrations does not 
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inhibit the glyoxalase reaction when glyoxal is the substrate. It is ne 


impossible that an enzyme system exists which catalyzes the conv 
of glyoxal, but not that of methylglyoxal, to the corresponding hydroy 
acid, but this seems unlikely. It was also shown by Fredenhagen 
Bonhoeffer (27), by means of isotope technique, that there is no inte 
change reaction with the solvent in the course of the internal oxidati 
reduction of glyoxals, but merely an intramolecular hydrogen shift. 
appears, therefore, that further investigation is necessary to elucidate 
mechanism of the glyoxalase reaction. 

In liver tissue, glyoxal is converted to glycolic acid, then further 
dized to glyoxylic acid. The enzymatic formation of 2-carbon acids i 
mammalian tissues was demonstrated by Ratner, Nocito, and Green (3 
as the result of glycine and sarcosine oxidation. Glyoxylic acid was f 
to be the primary oxidation product, which may be further converted 
oxalic acid. Mardashev and Semina (29) have recently indicated that 
transamination is the mechanism of glycine formation from glyoxylic 
and glutamine or asparagine. The presence of glycolic dehydrogenase i 
mammalian liver suggests that glycolic acid may be the precursor of glyoxy 
lic acid, thus providing a possible link between carbohydrates and 
acids. 


SUMMARY 


1. Glyoxal inhibits the respiration of rat brain, kidney, and heart slice 
Liver slices are not affected by the same concentration of glyoxal. 


hexokinase and triosephosphate dehydrogenase of brain and muscle 
strongly inhibited by glyoxal. 

2. Glyoxal can be converted anaerobically to glycolic acid by t 
extracts when GSH is added to the system. The diglutathione com 
of glyoxal is readily converted to glycolic acid, while methylglyoxal-GS 
semimercaptal is not the substrate of glyoxalase. 

3. Glycolic acid is oxidized to glyoxylic acid by a soluble liver enzyme 
which reacts directly with moledular oxygen. 


The author’s thanks are due to Dr. R. M. Klein for his collaboration i 
the development of the spectrophotometric assay for glyoxylic acid. 
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EFFECTS OF ELECTRICAL CHARGE UPON THE ACTIVITY OF 
LIVER ESTERASE* 


By IRWIN B. WILSON, SUMNER LEVINE, anv I. FREIBERGER 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, July 24, 1951) 


Studies with acetylcholinesterase have shown that the distribution of 
electrical charge in the neighborhood of the active site could be readily 
interpreted in terms of an anionic site which attracts, binds, and orients 
suitable cationic molecules. This binding site accounts for the specificity 
of the enzyme for esters of cationic alcohols and the inhibitory action of 
ammonium compounds. In addition an esteratic site containing a basic 
group reacts by coordinate covalent bond formation with the electrophilic 
carbon atoms of substrates and inhibitors (1-5). 

The principles involved in the hydrolytic activity of that enzyme appear 
to be of general applicability, and it has seemed of interest to investigate 
the properties of an esterase non-specific for acetylcholine, such as liver 
esterase, and to attempt to interpret these properties with the techniques 
of modern organic chemistry. The distribution of electrical charge in 
the enzyme molecule may be of prime importance in determining the rela- 
tive affinity of the enzyme toward substrates and inhibitors, and it is with 
that question that this paper is mainly concerned. 


Methods 


Preparation of Liver Esterase—A method has recently been described 
for preparing a highly purified esterase from horse liver (Connors e¢ al. 
(6)). Since this material was not available to us, we have developed a 
method, with pig liver as the starting material, which gives a 12-fold puri- 
fication. The degree of purity obtained is lower than that described by 
Stotz and his associates; however, the preparation appeared adequate for 
the present study and the procedure is rapid and convenient. 

250 gm. of liver were homogenized in 1 volume of 0.1 M phosphate buffer, 
pH 7.6, diluted with an additional volume of buffer, and centrifuged at 
13,000 X g. The supernatant had an Ap of 16 (Ap = activity in mg. of 
monobutyrin of substrate split per mg. of protein per hour). The activity 
of the whole extract amounted to 735 gm. of monobutyrin hydrolyzed 
per hour. 


* This work was supported by a grant from the Medical Research and Develop- 
ment Board, Department of the Army, Office of the Surgeon General. 
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The supernatant is brought to 55°, kept at that temperature for ; oft 
minutes, and then centrifuged at 13,000 kK g. The Ap of the fluid we 
43 and its total activity was 311 gm. Next, acetone (—5°) is added tf 
36 per cent and the residue discarded. 15 ml. of acetone (—5°) are adde 
for every 100 ml. of supernatant; the solution is kept 10 minutes in , 
salt-ice mixture and centrifuged. This residue is taken up in 10 ml. ¢ 
cold water and dialyzed in the cold. The Ap was 112 and the total activity 
was 106 gm. 

The dialyzed solution is half saturated with ammonium sulfate at § 
and centrifuged. ‘The residue is dissolved in 19 ml. of water, and 4.5 gm 
of ammonium sulfate are added. The precipitate is discarded and 8 gm 
of ammonium sulfate are added. After $ hour the precipitate is separated 
by centrifugation at 13,000 K g. The Ap was 205 and the total activity 
63 gm. F | 

Kinetic Measurements—Prostigmine and eserine inhibition as a function? sor 
of pH was followed by the colorimetric method of ester assay (7). The) eseri 
inhibitor and enzyme were incubated in 0.1 mM phosphate or borate buf. 
fer for 15 minutes at room temperature before the addition of substrate 
Ester assays were made at 1, 30, and 60 minutes, the value at 1 minut) _ 
being used as the initial concentration. The systems containing inhibi 
received a double portion of enzyme. — 

Tetraethyl pyrophosphate inhibition was measured by the manometri 
method. The enzyme was first incubated with inhibitor and then eithet 
diluted or used directly with substrate. 

In all the experiments the substrate was monobutyrin at a concentr- 
tion of 0.06 m. 


Results 


Tetramethylammonium ion up to 0.1 mM does not inhibit liver esteray 
nor does 1,10-bis(trimethylammonium)-decane bromide (Cj). Prostig) 
mine inhibition is poor (Fig. 1) and independent of pH in the range pH) E: 
to 10. Eserine inhibition is good at alkaline pH and poor at low pHf"e" 
While 2 X 10~ N is required for 50 per cent inhibition at pH 7, 1.2 X one 
10-° suffices at pH 8. 

Tetraethyl pyrophosphate (TEPP) is a powerful inhibitor of liver e& 
terase (Table 1). The inhibition is irreversible in the sense that neithey TI 
dilution nor dialysis restores activity. These procedures do not indicatq@mn 
that reversal cannot be achieved in other ways, as has been recently at 
demonstrated for TEPP and acetyleholinesterase (8). The last 10 pep/east 
cent of activity is very difficult to eliminate, activity persisting even with In t! 
3000 times the 50 per cent inhibition dose. Since the initial inhibitie 
is linear with the amount of inhibitor, it appears possible that 10 per ces'felect 
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: for § of the activity is due to some other enzyme, as, for example, a proteolytic 
id Wal sngvme, which is relatively insensitive to TEPP. 


ded tif 
“Ss 
> at 40} 
gm 
8 gm 
8 @ 
Fic. 1. pH dependence of the inhibition of pig liver esterase by prostigmine and 


inctiog eserine. The concentration of prostigmine bromide (@) was 2.5 * 10°? and of 
eserine sulfate (O) 2 X 


te buf. 
strate Taste [ 
min Tetraethyl Pyrophosphate Inhibition of Pig Liver Esterase 
hibi Molarity | Per cent activity 
ymetry 0 100 
“either 4.3 X 87 
8.6 64 

13 44 
rentra- 17 

22 wv 

34 15 

+4 10 

34 10°77 6 
steray 

34 lo-* 

-rost 


e pHi} Enzyme + tetraethyl pyrophosphate was incubated for 1 hour before introdue- 
w pH tion of monobutyrin. The amount of enzyme hydrolyzed 0.36 um per minute at a 
12x substrate concentration of 0.06 mM. 


DISCUSSION 

ver 

neithe, The fact that neither tetramethylammonium ion nor 1, 10-bis(trimethyl- 
bromide inhibits liver esterase indicates that the 
centhp quaternary ammonium structure, if it is bound at all by the enzyme, at 
10 pegieast does not enter into competition with the substrate (monobutyrin). 
n wittln this respect liver esterase differs markedly from acetylcholinesterase. 
ibitiod The inhibitory action of prostigmine, therefore, appears to be due to the 
or cen} electrophilic carbon of the alkylated urethane group. That this inhibition 
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is not pH-dependent shows that whatever changes occur in the protein do 
not influence the inhibition under these conditions. The pH dependence 
of eserine can, therefore, be correlated with the change in structure of the 
eserine molecule. That the acquisition of a positive charge by eserine ip 
acid solution greatly attenuates the enzymic binding leads to the conclu. 
sion that it is the uncharged basic molecules of eserine which are the active 
species. At pH 8, 45 per cent of the eserine (pK, = 8.1) exists as un. 
charged base, while at pH 7 only 7 per cent and at pH 6 less than 1 per 
cent are so present. As already mentioned, far less inhibitor is required 
for the same inhibition at pH 8 than at pH 7. Evidently, the inhibition 


caused by the cationic members is negligibly small and hence there is |! 


very large difference in the free energy of association for the two species 
with the enzyme. If this difference arises from coulombic repulsion be. 
tween positively charged groupings in the enzyme and the positively 
charged inhibitor molecules, we may represent it by the electrical poten- 
tial energy 


(1) 


where Z; is the number of electronic charges, e, for every charged group 
located at a distance r; from the center of charge of a bound inhibitor 
molecule and D, is the appropriate dielectric constant. R is the gas con- 
stant, 7 is the absolute temperature, and AK* is the dissociation constant 
for the compound formed with the enzyme from positively charged and 
K°® of that from uncharged inhibitor molecules. The data for eserine in- 
dicate that the ratio of dissociation constants is quite large, but it is not 
possible to measure how large. 

However, we may estimate this ratio as of the order of 1000 if we ascribe 
the difference in inhibitory strength of prostigmine and eserine to the 


difference between a charged molecule and an uncharged one, an assump-| | 


tion which is supported by the fact that prostigmine and the cationic 
form of eserine are of the same order of effectiveness as inhibitors of acetyl- 


cholinesterase. 
This large ratio precludes the possibility of replacing the sum in Equa- 


tion 1 by a single term involving a single or double electronic charge, but|* 
a double charge might be possible if one allows for quite considerable in-| , 


accuracy in the estimate. This later possibility raises the question 


whether divalent metallic ions are important structural members of this}? 
On the other hand, a large number of terms may contribute to} * 


enzyme. 
the sum so that the effect arises from a diffuse distribution of excess posi 
tive charge, such as might be expected if the isoelectric point is greatet 
than 10, or, which seems more probable, if the neighborhood of the ester- 
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atic site is relatively rich in cationic groups. Whatever the origin of the 
positive charge, its existence is an important factor in determining the 
types of substrates and of inhibitors with which it will react and explains 
the very poor enzymic activity toward esters of amino acids or amino 
aeohols. The question naturally arises as to whether negatively charged 
eters would be superior substrates and whether possibly a physiological 
substrate might be sought in this direction. 


SUMMARY 

Prostigmine inhibition of liver esterase is poor and independent of pH 
in the range 6 to 10, while inhibition by eserine is far superior and mark- 
edly pH-dependent. Only the uncharged eserine molecules are significant 
inhibitors, in contrast to their action on acetylcholinesterase, in which the 
cationic molecules are far superior. It appears that there is an excess of 
positive electrical charge, at least in the neighborhood of the esteratic 
site, which markedly affects the interaction of this enzyme with inhibitors 
and substrates. In view of the important réle which the anionic site 
plays in the mechanism of reactions catalyzed by acetylcholinesterase and 
the importance of positive charges in the liver esterase molecule, it appears 
that the distribution of electrical charge may be an important feature in 
determining the activity of various types of esterase and enzymes in 
general. 
Tetraethyl pyrophosphate is a powerful and irreversible inhibitor of 
liver esterase. 


The authors wish to express their indebtedness to Dr. David Nachman- 
hn for continual advice and guidance. 
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COLORIMETRIC DETERMINATION OF HYALURONIDASE 
ACTIVITY 


By ROGER L. GREIF 


(From the Hospital of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, August 1, 1951) 


Turbidimetric methods for assay of hyaluronidase activity are based 
pon the measurement of the optical density of suspensions of substrate- 
yotein combination in an acid environment (1). The reliability of this 
measurement depends upon careful control of the conditions under which 
ubidity develops (2), and even then the relation between substrate con- 
entration and optical density is linear over only a small range. The 
introduction of disodium phenoltetrabromophthalein (bromosulfalein, Hyn- 
: , Westcott and Dunning, Inc.) for the determination of the amount of 
in combined with substrate (3) permits measurement of a relatively 
color instead of a changing turbidity, and widens the range of sub- 
| concentrations that can be tested. 

Materials and Reagents— 
| Buffers—pH 2.5 citrate-phosphate according to McIlvaine (4), to which 
5.7 moles per liter of urea are added. 

Acetate (pH 6.0) 0.1 m containing 0.15 m NaCl. 

Plasma Solution—Human blood specimens collected in acid-citrate-dex- 
trose solution and discarded from a blood bank proved satisfactory as a 
plasma source. The plasma is diluted 1:10 with the buffer of pH 2.5. 

Cuvettes—Test-tubes without lips 15 X 100 mm. (Arthur H. Thomas, 
No. 9446) are tested for uniformity in a spectrophotometer with 
CuSO,-5H,O, 15 gm. per 100 ml. of H,O, and a wave-length of 560 my. 
Tubes which read within an optical density variation of +0.002 are marked 
to contain 10 ml. 

Spectrophotometer—Coleman junior, model 6A. 

Centrifuge—International centrifuge size 1, type SB, with angle head No. 
SII. 

Syringes—1 ml. and 0.25 ml. tuberculin type, and 3 ml. standard glass 
type. 

Water Bath—Regulated to maintain temperature at 37.5 + 0.1°. 

Bromosulfalein Solution—The contents of a 3 ml. ampul of 5 per cent 
aqueous solution are added to 197 ml. of the above buffer, pH 2.5. 

Substrate—Potassium hyaluronate prepared from human umbilical cords 
by the method of Byers et al. (5) (found on analysis: 2.4 per cent nitrogen, 
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25.4 per cent glucosamine (6), 30.9 per cent ash, largely potassium) & 
dissolved in buffer at pH 6.0 and stored at —20° in the frozen state 
immediately prior to use. Hyaluronate isolated from human umbiligiy 
cords by the technique of Tolksdorf et al. (7) has also proved satisfactor 

Enzyme—Bovine testicular hyaluronidase purified by (NH4)S0O, pay 
cipitation was used throughout. The method of Hahn (8) was apr 
in preparing a solution of the enzyme which contained 0.27 mg. of nitnhy 
gen per ml. This was stored in the frozen state at —20° and thawed dias 
needed. A commercial, dried enzyme preparation containing 13.9 
cent of nitrogen was also assayed. Nitrogen determinations were mai 
by a micro-Kjeldahl technique with direct nesslerization.” 

Color Reagent—Equal parts of bromosulfalein solution and plasma 
tion are mixed immediately before use. This mixture can be stored @j 
the frozen state and thawed as required. The addition of urea to tiopti 
reagent has been found both to improve the reproducibility of the m 
and to result in better linearity of the relationship between the optic 
density and the substrate concentration. 


Procedure 


0.5 ml. of enzyme diluted in buffer, pH 6.0, is pipetted in duplicate int) 
cuvettes and allowed to reach 37.5° in the water bath. Substrate s 
tion containing 520 y per ml. of buffer at pH 6.0 is warmed to the sa The 
temperature. With a 1 ml. tuberculin syringe, 0.5 ml. of substrate 
added at 20 second intervals with mixing to successive tubes containi eudr 
enzyme, and a clock is started upon first contact of enzyme with substrat 
During the incubation period, standards containing 260, 208, 156, and 
y of substrate and blanks containing solvent alone and enzyme alone # aay 
placed in cuvettes in the water bath, and fresh color reagent is allowed t —_ 
warm to 37.5°. 

After 30 minutes, 2.5 ml. of warm color reagent are added at 20 secont slate 
intervals with a 3 ml. syringe to the cuvettes in the same order as was th 
substrate. Turbidity will be noted in some of the tubes. Each tube: 
removed from the 37.5° bath immediately after the addition of the cole 
reagent, mixed thoroughly, and placed in a water bath at room temg 
ture (25-30°). At 37.5° the amount of turbidity and subsequently 2 as 
veloped color increase with time. This has not occurred at the — 
temperatures tested. Following a period of at least 15 minutes at 
temperature, the cuvettes are centrifuged at 1000 x g for 10 minutes, 
canted, and allowed to drain inverted for 10 minutes. The size of 
precipitates is roughly proportional to the amount of the unchanged subj C2" 


! Obtained from the late Dr. D. Roy MeCullagh of the Schering Corporation. | 97 50 
? Personal communication from Dr. H. A. Eder. 
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ium) Airste. Excess color reagent is now removed from the mouths of the 
le UWiubes with cleansing tissue or absorbent cotton, and 2 ml. of 5 per cent 
nbileg\30H are added to each tube. 
| When all precipitates are completely in solution, the tubes are made 
4 Pup to 10 ml. volume with distilled water, mixed by stoppering and in- 
‘APF ing, wiped, and the optical density at 535 my read in the photoelectric 
I nitMgectrophotometer. If necessary, the tubes may be stored at 0° for at 
Wed Mieast 24 hours before the precipitates are dissolved. After addition of 
.9 PEXSOH, the tubes should not be exposed to direct sunlight. If this pre- 
* M&M#eaution is taken, the color remains stable for at least 5 hours. 
Calculations—-On a graph with the abscissa representing enzyme ex- 
Mj pressed as nitrogen and the ordinate optical density at 535 my, a straight 
Sine is drawn to include as nearly as possible points representing the mean 
to tMloptical density measured for each of three separate enzyme concentrations. 
hethof \ horizontal line is drawn representing the optical density obtained with 
pptiag 130 y of substrate. The point on the abscissa below the intersection of 

the above two lines represents the amount of enzyme expressed as nitrogen 

required to reduce the initial substrate concentration one-half as indicated 

by the color. 


Micro Adaptation 


The procedure outlined above is changed as follows: (1) Matched 74 X 
10mm. cuvettes are used. (2) 0.25 ml. of enzyme is added to cuvettes in 
quadruplicate. (3) 0.25 ml. of substrate solution containing 20 y is added 
}with a 0.25 ml. tuberculin syringe, and standards containing 20, 15, 10, and 
‘157 with appropriate enzyme and solvent blanks are used. (4) 1 ml. of 
‘lcolor reagent is added with a 1 ml. tuberculin syringe. (5) Cuvettes are 
allowed to drain inverted for at least 1 hour, following which 2 ml. of 5 
percent NaOH are added to each, and after precipitates are dissolved and 
lutions mixed, the spectrophotometer readings are made on 2 ml. total 
jvolume at 570 my with a small cuvette holder. 


mer RESULTS AND DISCUSSION 


_ Fig. | shows the relation between optical density at 535 my and potas- 
sum hyaluronate concentrations between 26 and 260 y. Also included 
is the optical density, measured at 600 my, of the same amounts of sub- 
strate determined turbidimetrically by the method of Tolksdorf et al. (9). 
It will be seen that there is greater sensitivity to change in substrate con- 
centration with the use of the colorimetric method. 

Fig. 2 illustrates the relationship between the time of incubation at 
75° and the amount of substrate changed by enzyme prepared according 
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8 
to Hahn and diluted to contain 4.2 y of nitrogen per aliquot tested. Th} 
initial potassium hyaluronate concentration was 260 y. 


0.600 
°Colorimetric reading at 535 mu 
* Turbidimetric reading at 600 mu 


S 


Optical density 


i 
100 200 300 


Micrograms substrate 


Fic. 1. Comparison of optical density values obtained for substrate concentn- 
tions measured colorimetrically and turbidimetrically. 


Minutes 


Fic. 2. Relation between time of incubation at 37.5° and amount of substrat 


changed by 4.2 7 of enzyme preparation expressed as nitrogen. 


Fig. 3 shows the amount of substrate changed after 30 minutes of @ 


cubation by several concentrations of each of two enzyme preparations 
It will be noted from the calculation of variation that maximum 
ducibility is obtained with measurements made in the region of 130 7 
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Th} ployed. It will also be noted that the relation between activity and 
amount of enzyme is linear for only one of the two preparations. 


In Table I will be found the variations noted when repeated assays are 


made of the amount of enzyme, expressed as nitrogen, required to change 


© Enzyme prepared according to Hahn 
° enzyme 
] Standard deviation Ye observations) 


60 70 


Micrograms substrate 


Fic. 3. Amount of substrate changed in 30 minutes at 37.5° by two enzyme prepa- 
rations expressed as nitrogen. 


0! 


Optical density 570 mz 


° 
i 
5 10 15 20 
Micrograms substrate 
Fic. 4. Optical density obtained with the microtechnique with amounts of sub- 
strate below 20 y. 
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the optical density observed for 260 y of potassium hyaluronate to the sti 
of 130 y. Although the enzyme preparations differ in potency, the st %® | 
tistical variation obtained is quite comparable. on ch 


Taare ! 


Amount of Enzyme, Expressed As Nitrogen, Required to Reduce Color Obtained fre Ac 
260 > of Potassium Hyaluronate to That Obtained from 130 y in 30 Minutes at 917 bin fi 


Enzyme prepared according to Hahn | Commercial enayme preparation acid § 
7: 7! 
3.88 1.65 pe 
4.10 1.80 
3.35 | 1.60 It i 
4.25 | 1.51 M. A 
4.35 1.55 
4.15 1.35 
4.15 1.45 
4.30 1.48 1. Ms 
2. W: 
4.80 
| 3. Gr 
4.15 
Mean........4.15 # 0.35 1.55 + 0.14 
Taste II 
Amount of Enzyme, Expressed As Nitrogen, Required to Reduce Color Obtained fro 8. Hs 
20 > of Potassium Hyaluronate to That Obtained from 10 y in 30 Minutes at 875° { 9. Te 
0. Ei 
0.73 
0.69 
0.74 
0.69 
0.76 
0.82 
0.69 
0.71 
0.64 
0.64 


In Fig. 4 is shown the relation between optical density at 570 mg 
amounts of potassium hyaluronate between 20 and 5 y. The data in Te 
ble II, assayed with the micro adaptation, are similar to those in T able | 
for the enzyme prepared according to Hahn. 

Comparable results have been obtained with other hyaluronate prep 
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srations of lower ash content. In using the macrotechnique, it has also 
been possible to demonstrate chondroitinase activity of testicular enzyme 
on chondroitin sulfate prepared according to Einbinder and Schubert (10). 


A colorimetric method has been developed with the use of bromosulfa- 
in for the measurement of the protein combined with hyaluronate in 
scid solution. Hyaluronidase activity can be estimated on substrate con- 
centrations of 20 y or less of an impure preparation with an accuracy of 
10 per cent. 


It is a pleasure to acknowledge the interest and advice of Dr. Reginald 
M. Archibald and the: technical assistance of Miss Ruth Meyer. 
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BIOCHEMICAL STUDIES OF HEXAHYDROBENZOIC ACID AND 
HEXAHYDROPHEN YLALANINE 


By BERNARD J. BALTES,* WILLIAM H. ELLIOTT, E. A. DOISY, Jr., ann 
EDWARD A. DOISY 
(From the Departments of Biological Chemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, August 27, 1951) 


The experiments reported in this paper were undertaken to acquire 
more information about dehydrogenation of hydroaromatic rings. In two 
different fields of interest to this laboratory, the dehydrogenation of hy- 
droaromatic rings is a possible metabolic pathway. For example, Tishler 
dal. (1) have demonstrated that the physiological activities of the 2- 
and 3-methyltetralones are almost as great as that of 2-methyl-1 ,4-naph- 
thoquinone in restoring the clotting time of chicks on a diet devoid of 
vitamin K, possibly indicating dehydrogenation of the tetralones to the 
quinone. In the other field, that of the estrogens, Marker ef al. (2) have 
reported the isolation of estranediols from the urine of non-pregnant women 
and failure to obtain these compounds from the urine of pregnant women. 
It has been suggested (3) that perhaps estrogen may be derived from the 
perhydro compound by dehydrogenation of ring A. 

Studies by Bernhard (4-7) and Friedmann (8) have shown that the 
rabbit, dog, and man possess the capacity to dehydrogenate cyclohexyl 
derivatives. Dickens (9) has demonstrated in the rabbit that this aro- 
matization occurs mainly in the liver, with less conversion in the kidney. 
As there had been no published reports on cyclohexyl dehydrogenase 
systems in the rat,' experiments were undertaken to ascertain whether 
this species could dehydrogenate hexahydrobenzoie acid (HBA) and hexa- 
hydrophenylalanine (HPA). Since the rat conjugates a large proportion 
of benzoic acid (BA) with glycine, dehydrogenation of HBA to BA by 
this animal should lead to the elimination of hippurie acid (HA) in the 
urine. If HPA is dehydrogenated to phenylalanine (PA), inclusion of 
HPA in the diet would permit growth of the rat on a phenylalanine-free 
diet. 


* In partial fulfilment of the requirements for the degree of Doetor of Philosophy 
in Biochemistry, St. Louis University. Presented in part before the Federation of 
American Societies for Experimental Biology at Cleveland, April, 1951. 

‘In a paper published after the experimental work deseribed here was completed, 
Beer, Dickens, and Pearson (10) showed that the rat can dehvdrogenate hexahydro- 
benzoic acid after subcutaneous administration. Their values are much lower than 
those reported in this paper, owing perhaps to the route of administration or to 
differences in the strain of rat used. 
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EXPERIMENTAL 


Preparation of Hexahydro Compounds—Benzoic acid was dissolved ; 
absolute ethanol and hydrogenated to hexahydrobenzoic acid by the 
cedure of Waser and Brauchli (11). This compound was purified 
fractional distillation at reduced pressure and identified by its physi 
properties (12); b.p. 115-117° at 13 mm., m.p. 29-30°. Ultraviolet 
sorption studies showed that the purified product could not contain 
much as 0.05 per cent of BA. 

HPA was prepared by the catalytic hydrogenation of L-tyrosine, L- 
pL-phenylalanine, according to the procedure of Waser and Brauchli (1! 
with only minor modifications. The hydrogenation and hydrogenolys 
of tyrosine were conducted in an aqueous acid solution, while PA was by 
drogenated in acidic alcohol. HPA was identified by analysis of the ami 


acid and of its hydrochloride, and the melting point (157-158°, corrected an 
of its p-nitrobenzoyl derivative. The absence of ultraviolet a j a 
indicated that all of the aromatic precursor had been removed. aa 
Analysis—C,H,;;NO:. Calculated. C 63.12, H 10.01 In 
Found. “62.78, “ 9.78 

C,H,,NO;Cl. Calculated. “52.04, “ 8.73, N 6.75, Cl 17.07 > 

Found. “52.00, “ 8.78, “ 6.76, “ 17.22 thon 
Was € 
Metabolism Experiments with H BA—Griffith (13) and Borsook and Dub II, af 


noff (14) have demonstrated that the rat metabolizes BA by conj 
with glycine, and Bernhard (4) and Dickens (9) have reported that 
can be dehydrogenated by certain species to BA. To ascertain w 
the rat might oxidize the cyclohexyl ring to the phenyl ring and ex 
the end-product, hippuric acid, a purified ration was prepared. 
The basal diet to which supplements of HPA, PA, HBA, and BA 
added was suggested by Griffith. The composition was as follows: amin 
acid mixture 16.7, salt mixture* 4.2, celluration (Ruffex) 2.0, fat-solu 
vitamin mixture® 2.0, lard 18.0, vitamin B complex mixture’ 1.0, cholin 
chloride 0.4, inositol 0.1, and sucrose 55.8 per cent. The amino acid mix 
ture was that of Rose and Womack (16) with the following alterations 
proline and hydroxyproline were completely replaced by 0.2 gm. of L-cyt 
tine and 0.1 gm. of pi-methionine. PA, HPA, BA, and HBA were adde 
at various concentrations, with the removal of corresponding amounts ¢ 
sucrose. cated 
HPA was incorporated into the ration as the hydrochloride of the race} HA, 
mic mixture, BA was added as its sodium salt, and HBA as the free acid{ after 
? Griffith’s mixtures, as reported by Doisy and Bocklage (15). HBA 


* It should be noted that vitamin B,2, strepogenin, or other peptide growth factor 
are absent from these diets. Mi 
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All concentrations are expressed as the amount of free acid added. No 
} significant differences in action were observed between L- and pt-HPA, the 
latter mixture being used throughout the present report. 

A group of six albino male rats of the St. Louis University colony, 45 
days of age, was placed in a metabolism cage and offered the control ration 
(basal diet plus 1 per cent PA), containing 1 per cent HBA, and water 
ad libitum. The procedure of Griffith (17) for the determination of uri- 
nary HA was employed. The pooled urine was collected and preserved 
with 4 per cent H,SO,. After completion of each period, the urine was 
made alkaline with sodium bicarbonate and reduced in vacuo to a syrup. 
| The syrup was acidified with HCl to Congo red paper, the protein pre- 
cipitated by the addition of sodium tungstate, and the HA extracted with 
ether by means of a continuous extraction apparatus. The ether was 
removed by distillation, urea was destroyed according to the method of 
Werner (18), and nitrogen was determined by the Kjeldahl method. By 
this procedure, 96 per cent of HA added to previously extracted urine was 
recovered 


In Experiment 1, after reduction of the urine to a small volume, the 
syrupy residue was quantitatively divided into two equal portions. Por- 
tion I was analyzed for nitrogen as previously mentioned, while Portion IT 
was extracted with ether. The crystalline material obtained from Portion 
II, after treatment with charcoal and recrystallization from ethyl acetate, 
was identified as HA. Its melting point, 185.7-186.0° (corrected), com- 
pared favorably with an authentic sample of HA (186.0—186.5°, corrected), 
with no depression on admixture. The ultraviolet absorption spectrum 
was identical with that of a known sample of HA. 


Analysis—C,H,NO;. Calculated. C 60.33, H 5.06 
Found. ** 60.15, “ 5.43 


As indicated in Table I, Experiment 1, rats excreted 40 per cent of 
the HBA fed as HA, thus demonstrating the presence of an effective sys- 
ix} tem for dehydrogenating this compound. 

| In another experiment, the excretion of HA was determined during 
control periods before and after the administration of BA and HBA. 
} Table I, Experiment 2, shows the urinary excretion of HA of ten rats 
| consuming the control diet with and without BA and HBA over the indi- 
cated time intervals. In the case of BA, 54 per cent was recovered as 
race) HA, a value somewhat higher than those (40 and 31 per cent) obtained 
acid} after feeding HBA. It may be concluded from the experiments of Table 
[ that the albino rat possesses the capacity to effect the conversion of 
HBA to BA. 

Metabolism of HPA— The specificity of this evelohexyl dehydrogenase 
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system was tested with another polyhydro derivative, HPA, in the follow. 
ing experiments. Rats 42 to 48 gm. in weight and 21 to 24 days old 
housed in individual raised cages, were offered highly purified food mix. 
tures and water ad libitum, except in one paired feeding experiment. _ Indi. 
vidual daily food consumption and body weights were recorded. 

The following diets were offered: Diet 1, control diet, which was th 
basal diet plus 1 per cent PA; Diet 2, control diet containing 0.5 per cent 
HPA; Diet 3, control diet plus 1 per cent HPA; Diet 4, control diet plu 
2 per cent HPA; Diet 5, control diet containing | per cent HPA and a 
additional 1 per cent PA, thus giving a final concentration of 2 per cent 


Taste I 
Excretion of Hippuric Acid by Rat after Feeding Herahydrobenzoic Acid 


oan | Hippuric acid excreted 
em. em. sm. 
1 5 1.200 0.364 (Portion I) 
| | “ ID | 
| 0.706 (Sum) | 0 
0.023 | 
2 0.037 
2 1.000 0.822 | & 
0.055 | 
1.000 0.488 
0.028 | 


Male rats, 45 days of age at the beginning of the experiment, were used, six is 
Experiment 1 and ten in Experiment 2. Values for the experimental periods wer 
corrected by subtraction of the average daily excretion during the corresponding 
control periods, multiplied by the number of days BA or HBA was included in the 
diet. 


PA; Diet 6, basal diet, in which PA was absent; Diet 7, basal diet contain 
ing | per cent HPA; Diet 8, basal diet with 2 per cent HPA. 

To conserve space, the data are summarized in Fig. 1, in which the 
results of the experiments with the eight diets are presented. The curves 
represent averages of the weight gained and are the means for group 
ranging from a minimum of ten to a maximum of eighteen animals. Curve 
1 indicates that satisfactory growth was achieved by the animals on the 
control diet. The addition of increasing amounts of HPA (Diets 2, 3, and 
4) to the control ration led to retarded growth. The rate of growth was 
inversely related to the concentration of the ITPA present. 

The animals on the basal diet (No. 6) and Diets 7 and 8 lost weight 
throughout the experimental period. When Diet 6 was modified by the 
addition of | per cent HPA (Diet 7), a loss of weight occurred similar t 
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that observed when the basal diet was fed. However, the animals in- 
gesting the HPA lost 3.4 gm. more per animal than those on the basal 
diet alone. When the content of HPA in Diet 7 was doubled (Diet 8), 
the animals lost weight more rapidly at first, but after 30 days their loss 
in weight was equivalent to that observed for Diet 7. The compound 
manifested an increased toxicity at the 2 per cent level, as shown by the 
death of three animals on Diet 8. The deaths occurred 18, 22, and 24 
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20 
rae IN DAYS 
Fic. 1. Curves demonstrating effect of hexahydrophenylalanine on rate of growth 
of albino rats. The numbers on the curves correspond with the numbers of the diets 
used. The average food consumption in gm. for each group of rats is given in 
brackets. On Curve 8, figure 59 is too high, owing to some spillage of food by this 
group of rats. 


days after the start of the experimental period. With the exception of one 
animal on Diet 6, which ingested very little food, no other deaths were 
observed. At autopsy no gross pathological changes were noted. 

That the antimetabolic action of HPA is not that of specific competitive 
antagonism is evident from a comparison of Curves 3 and 5; the con- 
eentrations of PA were 1 and 2 per cent, respectively. No significant 
differences in weight gain or food consumption were observed, nor was 
alleviation of the toxic effects of HPA by the additional PA noted. 

The food consumption, as shown in Fig. 1, decreased as the concentration 
of HPA increased, suggesting that the decrease in rate of growth might 
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be due to a lowered food intake. To minimize the effect due to thit was: 
anorexia, a paired feeding experiment was undertaken. Thirty-two anif the ¢ 
mals were paired as to age, sex, and weight; one group was allowed to ex} the : 
a control diet containing | per cent HPA ad libitum, while their pairs wer 
restricted to the same amount of control diet. In every case the anim 
consuming the diet containing HPA grew less rapidly than its pair-fef Ey 
control. Average gains in body weight for the 30 day period for the tw} mati 
groups were 19.6 + 2.4 and 28.0 + 2.8 gm., respectively.‘ Since thi} man 
difference in weight gain is statistically significant (P = 0.02), it appear} to ol 
, that the growth-retarding action of HPA is due not only to an anoreecti} is sp 
property but also to an antimetabolic effect. and ( 
Since depression of appetite was exhibited in the presence of dietary} in th 
HPA, an attempt was made to differentiate between anorexia due to af the | 
distasteful savor and anorexia due to a general systemic effect by adminis{ Al 
tering HPA by a different route. A group of twenty-four animals was fed} that 
the control diet ad libitum. Twelve of these animals received daily sub} acety 
cutaneous injections over the sacrum of a 1 per cent solution of HPA) couk 
pH 7.4, approximating 1 per cent of the food ingested. The remaining} in re 
twelve animals were injected in the same manner with corresponding} Th 
amounts of physiological saline. The injections were continued for 25} speci 
days with the following results: the animals receiving physiological salin} The 
anim 
due 


exhibited normal growth curves, while those given HPA manifested growth 
retardation, decreased food consumption, and all other symptoms of the 
syndrome described below. There was no appreciable difference in thef no a 
rate of growth between the animals injected with HPA and those consum| TI 
ing HPA as 1 per cent of the diet. From the previous feeding experiments} larity 
presented in Fig. 1, it seems evident that HPA depresses the appetite! comy 
presumably either by local action on the tongue and olfactory organs ot) amin 
by a general systemic effect. By the paired feeding and the suboutenety level 
injection, it has been shown that the anorectic action is not necessarily 
due to a distasteful flavor or unpalatability of the diet, but is more probabh 
due to a systemic toxicity. Th 

Syndrome Induced by HPA—In all cases whenever HPA was present.) 20ic ; 
with or without PA, a typical syndrome was observed. In addition te} HBA 
growth retardation, by the 3rd experimental day there occurred a wetting) dehy 
of the perineal skin and hair, followed by alopecia localized to this region} With 
Approximately 12 days later porphyrin deposits were noted on the front} retar 
feet, followed by additional deposits on the facies and other extremities} regio 
The presence of HPA elicited shaggy unkempt fur not observed to the 
same degree in animals on a PA-free diet. After 20 days the animal Th 
receiving HPA developed priapism, which was more prominent when P&f of th 


‘Standard error of the mean. 
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was absent from the ration. By increasing the concentration of HPA in 
the diets, the symptoms were accentuated. In contrast to this condition, 


the animals eating the control diet appeared normal in all respects. 


Extensive studies on dehydrogenation of cyclohexyl derivatives to aro- 
matic derivatives in the mammalian body have been conducted by Fried- 
mann (8), Bernhard (6), and Dickens (9). Friedmann (8) was the first 
to obtain evidence indicating that the cyclohexyl dehydrogenase system 
is specific in action. His study with dogs was confirmed by Bernhard 
and Caflisch-Weill (7) who extended this observation to rabbits. As shown 
in this paper, the albino rat also exhibits selectivity by dehydrogenating 
the polyhydro ring of HBA but not the cyclohexyl ring of HPA. 

Although Bernhard did not report dehydrogenation of HPA, he found 
that the dog excreted about 20 per cent of the administered compound as 
acetyl HPA. If acetylation of HPA occurs in the rat, dehydrogenation 
could still lead to growth, since acetylphenylalanine possesses some activity 
in replacing phenylalanine in this species (Armstrong and Lewis (19)). 

The syndrome as reported here is not characteristic for any known 
specific deficiency, but similarities to other conditions should be mentioned. 
The wetting of the perineal region is comparable to that observed in adult 
animals with ligated bile ducts. The alopecia and priapism are probably 
due to continuous excretion of an irritating substance. As yet there is 
no adequate explanation of these symptoms. 

That HPA is toxic might have been expected, since the structural simi- 
larity suggests a possible metabolic antagonism. No evidence of specific 


| competitive antagonism was obtained, since an increase of the essential 


amino acid to twice its original concentration, while maintaining the same 
level of HPA, did not produce any alleviation of the toxic effects. 


SUMMARY 


The ability of the young albino rat to dehydrogenate hexahydroben- 
wie acid and hexahydrophenylalanine was studied. Experiments utilizing 
HBA as the test compound indicate that the rat has an effective cyclohexyl 
dehydrogenase system which, however, is incapable of oxidizing HPA. 
With HPA the animals manifested a characteristic syndrome of growth 
retardation, anorexia, alopecia, priapism, and wetting of the perineal 
region, which was incompletely reversed by phenylalanine. 


mak The authors wish to thank Dr. W. H. Griffith of the School of Medicine 


of the University of California at Los Angeles, for his suggestions as to 
the composition of the diets, and Dr. S. A. Thayer of the Department of 
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Biochemistry, St. Louis University School of Medicine, for the elementd 
chemical analyses. 
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THE DETERMINATION OF HYALURONIDASE ACTIVITY AS 
DERIVED FROM ITS REACTION KINETICS 


By JOHN G. BACHTOLD anv LOUIS P. GEBHARDT 


(From the Department of Bacteriology, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, March 26, 1951) 


The turbidimetric method, applied to the enzymatic hydrolysis of hy- 
aluronate, was described by Kass and Seastone (1). Since then, various 
modifications have been suggested (2-4). A comprehensive discussion of 
the various assays and techniques has been published by Meyer (5). 

The purpose of the present work is to study and utilize the reaction 
kinetics involved in the hydrolysis of hyaluronate by the enzyme hyaluroni- 
dase to determine an unknown amount of enzyme present in the tested 
system, and, hence, to define the enzyme unit. Various suggestions in 
the recently published work by Tolksdorf et al. (6) were utilized to elimi- 
nate a number of factors that might influence the accuracy of the turbidi- 
metric assay of hyaluronidase. 


Materials and Methods 


Hyaluronidase was extracted from fresh bull testes by essentially the 
same method as that described by Hahn (7). For experimental use the 
lyophilized enzyme was dissolved in acetate buffer of pH 6. 

Potassium hyaluronate was prepared from human umbilical cords by 
essentially the same method as that described by Tolksdorf et al. (6). 
Four different potassium hyaluronate preparations were made up accord- 
ing to this procedure. 

Acidified Human Plasma—The plasma was obtained from a local hos- 
pital blood bank, acidified and aged according to the method of Tolksdorf 
etal. (6). 

Buffer Solutions—0.5 M acetate-sodium chloride buffer of pH 6.0, con- 
taining 0.73 per cent sodium chloride, and 0.5 M acetate buffer of pH 4.2 
were used in these tests. The buffers were kept in the ice box to avoid 
microbiological growth. 

Assay—aA series of tubes was set up, each tube containing 0.1 ml. of 
enzyme solution, 0.5 ml. of substrate solution, and 0.4 ml. of acetate- 
sodium chloride buffer, pH 6. This buffer was chosen because it provided 
the conditions for optimal enzyme activity. These tubes were then incu- 
bated for varying periods of time (see Table I) in a constant 37° water 
bath. Following the incubation, the enzyme in each tube was inactivated 
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by submersion for 10 minutes in a 65° water bath. The tubes were the 
chilled in an ice bath, 3 ml. of acetate buffer of pH 4.2 and 1 ml. of acid. 
fied plasma were added, and the solution was kept at room temperatur 
for 30 minutes before reading. The absorbancy was read on a Colema 
junior spectrophotometer at a wave-length of 580 mu. 

Relationship between Substrate Concentration and Absorbancy—Seaston 
(8) and later Dorfman and Ott (4) reported that there is a direct relation. 
ship between hyaluronic acid concentration and absorbancy. Various sub- 
strate preparations were tested to determine the limits within which this 
relationship holds. The results shown in Fig. 1 demonstrate that th 
Bouguer-Beer law holds. 


A, = —log T, = a,CL (I) 


A, = absorbancy, T, = transmittancy, a, = the absorbancy index, C = 
the concentration of substrate, and L = the length of the optical path 


0.1 0.2 03 0.4 0.5 
mg. SUBSTRATE 


Fic. 1. Relationship between substrate concentration and absorbancy 


The readings of the different preparations fall between 0.1 and 0.5 mg 
of substrate. In higher concentrations the accuracy of the readings de 
creases owing to flocculation. 

Reaction Kinetics—Various time tests were carried out to determine the 
specific reaction rate, K, on the assumption (later verified by the data 
that the reaction is of the first order, in which the relationship between 
log concentration and time allows the calculation of the specific reaction 
rate. The relationship is represented graphically in Fig. 2. 

Characterization of Enzyme Activity—The specific reaction rate K as it 
appears in the first order reaction equation is, under our testing conditions, 
a product of two factors, 


K = K’C, (2 


K’ = the true constant for this reaction at a given temperature; C, = the 
enzyme concentration in units per ml. of reacting solution. It is evident 
from Equation 2 that the magnitude of the specific reaction rate is § 
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function of the enzyme concentration. A unit concentration of enzyme 


5 10 iS 20 25 30 35 40 
TIME IN MINUTES 
Fic. 2. Relationship between log concentration and time, which allows the cal- 
culation of the specific reaction rate. 


TaBie I 
Incubation time Absorbancy* Substrate concentration K 
min. mg. 
0 0.260 0.400 
5 0.230 0.344 0.0297 
10 0.211 0.315 0.0238 
15 0.181 0.275 0.0246 
20 0.175 0.255 0.0221 
25 0.158 0.225 0.0230 
30 0.138 0.210 0.0214 
35 0.119 0.180 0.0227 
40 0.097 0.150 0.0244 
Arithmetic mean of K = 0.0239; average deviation from the mean = +0.00168 = 
i per cent. From Equation 4 Cg = (0.0239/0.0231) = 1.03 units per ml. of the re- 
acting system. 
* Read on a Coleman junior spectrophotometer, wave-length 580 my. 


For a unit enzyme concentration C,; = 1. 
Then from Equation 2, for 30 minutes, 


Seno 0.0231 (3) 

Then for any other concentration, Equations 2 and 3 give 
Cs jon (4) 
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where K is determined experimentally for any properly prepared sub{ Th 
strate preparation of sufficient strength. If the substrate solution is ne 
of sufficient strength, the value of K diminishes very rapidly with tim 

Sample Calculation—The first step in determining the concentration gf! &* 
a given enzyme preparation is to prepare the standard curve of absorbane 
versus concentration for the substrate to be used. The reaction is carrieif, p,, 
out as described previously. From the absorbancy of the individual sampk} 5, Me 
the substrate concentration at time ¢ can be determined by means of thé. Tol 
substrate standard curve. K values are calculated and averaged. Th} 2 
average value is substituted in Equation 4 to give the enzyme concentration 
A typical experiment and its calculation are shown in Table I. 

Accuracy of Test—Eleven time tests were performed, representing : 
total of 51 individual K values. Seven substrate! and three enzyme 
preparations of varying potency and in various amounts were utilized 
these tests. The average deviation from the mean of K within each assay 
varied from 6.5 to 7.2 per cent, whereas the deviation from test to tes 
was calculated to be 1.7 per cent. 


DISCUSSION 


The enzymatic hydrolysis of hyaluronate proceeds as a first order re 
action over a certain period of time. This period depends on the con 
centration of the substrate and on the amount of enzyme present in t 
test solution; a higher concentration of enzyme causes a proportionat 
increase in the speed of the reaction, and therefore decreases the : 
of time that the reaction rate, K, is first order. The assay, then, shouk 
be carried out as a time test to make sure that the period of time duri 
which the reaction is first order is included. It can be performed with 
any properly prepared hyaluronate solution and the magnitude of th 
specific reaction rate constant can be used to calculate the amount ¢f 


enzyme present. 


SUMMARY 


The kinetics of the enzymatic hydrolysis of hyaluronate have beet 
studied by performing the assay as a time test. The magnitude of th 
specific reaction rate constant, A, obtained from the assay has been utili 
to calculate the amount of enzyme present. The calculation and inter 
pretation of the assay results are demonstrated by an example. 

' Three substrate samples were kindly supplied by Dr. R. Quinn of Yale Univer 
sity, Dr. D. Glick of the University of Minnesota, and Dr. 8. Tolksdorf of the Scher 


ing Corporation. 
? One enzyme sample was kindly supplied by Dr. A. Allen of the Schering Cor 


poration. 
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IMIDAZO-1 ,2,3-TRIAZINES AS SUBSTRATES AND INHIBITORS 
FOR XANTHINE OXIDASE 


By ELLIOTT SHAW* D. W. WOOLLEY 


From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, June 12, 1951) 


A new group of compounds analogous to the purines was recently de- 
«ribed (1) in which carbon atom 2 of the purine ring was replaced by 
nitrogen. One of these imidazo-1 ,2,3-triazines (1), conveniently called 
2azaadenine, was shown to be an antagonist of hypoxanthine and of 
adenine in its toxic action against bacteria and mice. The corresponding 
hydroxy compound, 2-azahypoxanthine, was relatively inert. In this 
paper are reported the results of a study of these 2-azapurines as inhibitors 
of the enzyme, xanthine oxidase, in the oxidation of the normal substrates, 
hypoxanthine and xanthine. Milk xanthine oxidase, purified as described 
by Ball (2) and Kalckar (3), was used. 

The enzymatic reactions were followed spectroscopically in the ultra- 
violet region (4). The 2-azapurines themselves were attacked by xanthine 
oxidase with consequent changes in spectra. Therefore, in studying the 
| competition of the azapurines with hypoxanthine or xanthine for xanthine 
oxidase, special care was taken to obtain measurements which permitted 
observation of the simultaneous oxidation of both normal substrate and 
analogue. By following the oxidation of mixtures at several selected wave- 
lengths, it was found that with equimolar azaadenine and hypoxanthine 
the azaadenine was almost completely oxidized before the hypoxanthine 
was greatly changed. In the case of azaadenine and xanthine, the attack 
of both substrates was simultaneous at more nearly equivalent rates. 

2-Azapurines As Substrates for Xanthine Oxidase—-When xanthine oxi- 
dase was added to a solution of azaadenine, the spectrum of the latter 
changed, indicating that it was being oxidized. When action ceased, new 
maxima were found, the most notable of these being the intense peaks at 
270 and 224 my (Fig. 1). Azahypoxanthine was also attacked by the 
enzyme. The new absorption maxima formed in the oxidation of these 
2-azapurines served as convenient points at which to measure the speed 
of their oxidations by following the changes in optical density with time. 
The relative rates of oxidation of equimolar amounts of azaadenine, aza- 
hypoxanthine, and hypoxanthine by the same quantity of xanthine oxidase 


* Fellow of the National Institutes of Health during the execution of part of this 
work. 
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are shown in Fig. 2, where it can be seen that azaadenine was oxidized gf @ 
a somewhat faster rate than was hypoxanthine. On the other hand, az Mbit 
hypoxanthine was attacked at a constantly diminishing rate. azaac 

Since the initial observations on the effect of these azapurines on th 
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Fic. 1. Ultraviolet absorption spectra of azaadenine and by 
at pH 6.5. tA 
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ized ¢f enzymatic formation of uric acid revealed that azaadenine had more in- 


d, 


On t 


hibitory effect than azahypoxanthine, the nature of the inhibition due to 
azaadenine was studied in greater detail. 

Structure of Product Formed by Action of Xanthine Oxidase on 2-Azaade- 
nine—The product formed by the action of xanthine oxidase on azaadenine 
was isolated in crystalline form. It was anticipated that the enzyme would 
oxidize the carbon atom in position 8, producing 8-hydroxyazaadenine (II) 
(Fig. 3). A synthesis was therefore undertaken by means of the steps 


Zn. | 


| 


2-Azaadenine 8-Hydroxy-2-Azaadenine 


I II 
Fic. 3. Synthesis of 8-hydroxyazaadenine 


shown, and a substance was obtained which was identical with the enzy- 
matic oxidation product. 

Action of Xanthine Oxidase on Mixture of Xanthine and Azaadenine— 
The formation of uric acid from xanthine took twice as long in the presence 
of equimolar azaadenine. This observation told nothing of the fate of 
azaadenine which, by itself, acted as a substrate for the enzyme. How- 
ever, the change in both substrate concentrations could be measured at 
249 and 260 my independently. When xanthine oxidase was added to a 
solution containing equimolar xanthine and azaadenine at pH 6.5, and 
periodic measurements were made alternately at these wave-lengths, the 
result shown in Fig. 4 was obtained. The experiment revealed that xan- 
thine and azaadenine were oxidized simultaneously in the mixture, with 
azaadenine being attacked at the more rapid rate; ¢.¢., 50 per cent oxidized 


‘2HC1 ‘2 HCl 

N 
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in half the time required for the equivalent attack on xanthine. Unde 
these circumstances complete oxidation of the latter took twice as long » 
in the absence of azaadenine. 


The oxidation of mixtures of azaadenine and xanthine at various pf j 


values showed that, in more alkaline solutions, the azaadenine was mor 
effective as an inhibitor of xanthine oxidation. While the rate of oxidatia 
of azaadenine alone was very little affected by pH changes in the rang 
of pH 6 to 9, xanthine oxidation by the enzyme had an optimum pH « 
about 8.5 (5). At this pH, the time required to oxidize a given amour 


100 


Oxidation - per cent 


Azaadenine (249 mu 
Xanthine 


Min. 2 4 6 & WW 12 14 16 16 20 22 24 26 26 30 32 
Fic. 4. Comparative rates of oxidation of azaadenine and xanthine in an equ- 
molar mixture of the two compounds calculated from optical density changes at 2% 
and 260 my respectively at pH 6.5. 


of xanthine was increased 4.5-fold by the presence of equimolar azaadenine 
The preferential attack on the latter as a rate-controlling factor in the 
oxidation of xanthine by xanthine oxidase in a mixture of the two sub 
strates was more distinctly shown at the alkaline pH values most favorable 
to the attack on xanthine alone. 

Action of Xanthine Oxidase on Mixture of Hypoxranthine and Azaadenin 

“The formation of urie acid from hypoxanthine alone and in the presenee 
of equimolar azaadenine is illustrated in Fig. 5. The effect of the latter 
was a 4-fold prolongation of the oxidation time of the normal substrate. 
In the mixture, the urie acid failed to appear for several minutes, then wa 
rapidly formed. The delay in the appearance of uric acid was very neatly 
equal to the time required for the amount of enzyme used to oxidize the 
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Unde asaadenine alone (14 minutes). However, the fate of the azaadenine in a 
ong «| mixture with hypoxanthine is more difficult to determine than in the case 


of xanthine because the oxidation of hypoxanthine involves two steps; that 


us pH is, the intermediate formation of xanthine, followed by its oxidation. In 
‘ mon§ a mixture of hypoxanthine and azaadenine, therefore, three separate oxida- 


dation 

rang 
pH # 


Per cent uric acid formed 


tions may take place simultaneously. Since, however, the conversion of 
xanthine to uric acid did not take place during the initial minutes of an 
oxidation of such a mixture (Fig. 6), during this period at least the possible 
enzymatic oxidations appear to be limited to two; the formation of xanthine 


8 
‘ 

5 


3 


° Hypoxanthine 
° " plus azaadenine 


iL A. 


Fic. 5. Urie acid formation from hypoxanthine alone or in the presence of equi- 
molar azaadenine measured at 296 my. 


from hypoxanthine and the oxidation of azaadenine. The latter reaction 
could then be measured as described in the experimental section. The 
result, shown in Fig. 6, indicated that half of the azaadenine was oxidized 
before any uric acid formation was detectable, and that about 70 per cent 
was oxidized in the first 8 minutes of enzymatic action when less than 3 
per cent of the uric acid had appeared. Clearly, the delay in the oxidation 
of hypoxanthine to uric acid was due, in large part, to preferential attack 
on the azaadenine. 

Competition between Azaadenine and Hypoxanthine for Xanthine Oxidase— 
Although uric acid did not form during the initial minutes of attack by 
xanthine oxidase on a mixture of azaadenine and hypoxanthine, evidence 
was found that some oxidation of the latter was taking place, resulting in 
4 transitory accumulation of xanthine. By careful examination of only 
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the period of oxidation with negligible uric acid formation, i.e. 1 per cent}inhit 
or less of the eventual amount, it was possible to measure the oxidation gf the f 
azaadenine together with that of hypoxanthine to xanthine. The resulta | thine 


x Azaadenine (229.5 mz) 
Hypoxanthine (296 my) 
to uric acid 


Oxidation - per cent 


In 
Min. 2 4 6 8 1 12 14 16 18 20 22 24 26 26 30 32 34 36 36 4 uty 


Fic. 6. Comparison of the degree of azaadenine oxidation with the conversion of (exce 
hypoxanthine to uric acid in an equimolar mixture of the two substrates. videc 


et 
I 
Competition between Azaadenine and Hyporanthine for Xanthine Oxidase in E: 
Stages of Oxidation of Mixtures of Substrates 


| Amount oxidized 
Initial ratio, Ratio of 

thine to Uric acid formed hypoxanthine to 
_ Azaadenine to Hypoxanthine to azaadenine oxidized 
7 7 

l | 4.9 San 0.1 0.2 

2 | 5.1 2.0 0.1 0.4 

6 | 3.6 3.6 0.2 1.0 

10 | 1.6 0.2 2.2 


repectivaly 


The total micrograms of substrate in the above runs were respectively 2B, 
70, and 55. The urie acid represents, in each case, 1 per cent or less of the theory. me 
shown in Table I, indicate that during the early stages of enzymatic action 38 oxi 
the azaadenine was oxidized about 5 or 6 times as rapidly as hypoxanthine. meas 
When the ratio of the initial concentration of hypoxanthine to azaadenine Wise, 
was 6, the two substrates oxidized at the same rate. ‘Thus, the azaadenine tans 
was apparently a competitive antagonist of hypoxanthine in this system. o az: 

Oxidation Product of Azaadenine As Inhibitor of Xanthine Oxridase—The saad 
oxidation product from azaadenine, 8-hydroxyazaadenine, was found to disap 
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+r cent}inhibit the action of xanthine oxidase on its normal substrates. Thus, in 
tion of|the presence of equimolar 8-hydroxyazaadenine, the oxidation of hypoxan- 
esults |thine required 3 times as long, and that of xanthine 1} times. Uric acid 
formation at 290 mu was measured. The inhibitory effect of azaadenine 
itself, therefore, may be ascribed both to its preferential oxidation by 
7—*4 | anthine oxidase and to the formation of an inhibitory oxidation product. 
Relative Ineffectiveness of Azahypoxanthine As Inhibitor—At several val- 
ues of pH in the range 6.5 to 8.6, azahypoxanthine had no effect on the 
oxidation of xanthine. Under similar circumstances, the oxidation time 
for hypoxanthine was prolonged one-third in the presence of an equimolar 
amount of the analogue. The inertness of azahypoxanthine compared to 
azazadenine as an inhibitor of xanthine oxidase parallels the effect of these 
two compounds as growth inhibitors for bacteria (1). As microbial growth 
44) | \ishibitors, only azaadenine was active. 


EXPERIMENTAL 
Inhibition Studies with Xanthine Oxidase—The oxidations were carried 
39 4) out with 20 y of hypoxanthine and equimolar amounts of other substances 
sion of xcept for the experiments described in Table I). This quantity pro- 
vided an adequate change in transmission for sensitive measurements. 

e sample of purine and analogue was then brought toa volume of 3 ml., 

4 0.1 m phosphate buffer of the desired pH, in a cell 1 em. thick in a 
k = ‘kman spectrophotometer (model DU). A small volume of a milk 
nthine oxidase solution (2, 3) was then added (0.03 to 0.05 ml.) and 
eriodic readings were taken at the selected wave-lengths. A dilution of 
” enzyme was prepared of such activity as to require at least 10 minutes for 
“ie! complete oxidation of the sample if a single substrate was being used. 
——— When slower oxidations were desired, a more dilute enzyme solution was 

employed. 
As discussed above, in the case of mixtures certain wave-lengths were 
chosen for observation of one substrate without interference from a second 
one undergoing simultaneous change. Such points were selected by in- 
0 2. spection of the spectra of substrate and oxidation product. For example, 
heory. it may be seen that at several wave-lengths, 260, 281, and 296 my (pH 

}5), no change in transmission occurs in a solution of azaadenine when it 
yction 8s oxidized (Fig. 1). On the other hand the formation of uric acid is readily 
thine. measured at 296 my, or the disappearance of xanthine at 260 my.  Like- 
enine Wise, in the oxidation of xanthine to urie acid (Fig. 7) little change in 
enine ‘fTansmission occurs at 249 my, while at this wave-length the disappearance 
stem. f azaadenine can be observed. Therefore, in a solution containing both 
~The ataadenine and xanthine, the changes at 249 and 260 my reflect only the 


nd to disappearance of each of the respective substrates. 
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In the case of hypoxanthine, two stages of oxidation are involved; i 


xanthine and uric acid. When in an inhibited oxidation uric acid is 
== Xanthine 
Upic acid 
10,000 
8000 
6000 
4000 
2000 
mz 220 20 240 20 260 270 310 
Fic. 7. Ultraviolet absorption spectra of xanthine and uric acid at pH 65 
— ° = Hypoxanthine 
Xanthine 
40,000 F 
8000 F \ 
\ 
6000 
1 
4000 
‘ 
2000 + \ 
Fic. 8. Ultraviolet absorption spectra of hypoxanthine and xanthine at pH 6.5 


being formed, only the first stage may be considered. Under these con 
ditions, the temporary formation of xanthine involves no change in trar 
mission at 229.5 my (Fig. 8) but may be observed at 281 my. Azaadenit 


aque 


oxidation may readily be observed at the former wave-length and does noq melt 


interfere at the latter. In oxidations such as those described in Table 
in which the formation of xanthine and hydroxyazaadenine is compares 
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three wave-lengths were used, 229.5, 281, and 206 my. The latter served 
sa control on the failure of uric acid to appear for several minutes, justi- 
fying the interpretation of the changes at the other wave-lengths. From 
the constants in Table I1, the optical density changes at these points were 
wed to calculate the weight of substrate oxidized at a given time. The 
values in Table II were obtained from a number of oxidations on single 
abstrates. The values obtained in mixtures, the oxidations of which at 
oH 6.5 are described in the text, were within 5 per cent of the values caleu- 
sted from these constants. At other pH values, both the wave-length of 
observation and the magnitude of the transmission changes were different 
because of the effect of pH on the spectra of the substrates. 
Aminomalondiamidine Dihydrochloride }—Phenvlazomalondiamidine 


Taste Il 
Change in Optical Density Observed at pH 64 for Oxidation of Various Substrates 
by Xanthine Oridase 
Wave-length 
Substrate, 1 y per mi. Oxidation product 
Mim Mom Mm Mim mw 

Hypoxanthine. .. Xanthine* 0.00 0.032 

Xanthine ....... Urie acid 0.001 0.031 
0.083 
Azaadenine §&-Hydroxyazaadenine 0.072 0.015 0.001 06.000) 0.000 


* All the values are from direct measurements, except for the change from hy- 
poxanthine to xanthine for which the values were obtained from the spectra of the 
single substances. 


dihydrochloride (6) (10 gm.) in water (50 ml.) and concentrated HCI (15 
ml.) was treated with zine dust (6 gm.) with slight warming. The solu- 
tion became decolorized and the pH finally rose to about 4. At this point, 
the suspension was filtered. The filtrate was treated with hydrogen sultide 
plus additions of pyridine as required to maintain neutrality and to avoid 
solution of the precipitating zine sulfide. The filtrate from the sulfide 
precipitate was evaporated to dryness in vacuo with gentle warming and 
reconcentrated with several additions of absolute alcohol. The separation 
of the product from pyridine hydrochloride was now readily achieved by 
trituration of the residue with absolute aleohol, the desired material being 
left as the insoluble residue. The product was obtained as colorless, well 
formed crystals on the addition of absolute aleohol to a concentrated 
aqueous solution in a yield of 70 per cent, 4.7 gm. It charred without 
melting at 300°. 
Caleulated. 19.17, H 5.88, N 87.28, CL 877 
Found. * 19.47, * 5.75, 37.05, 38.0 
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Carbethoxyamidomalondiamidine Dihydrochloride (V)—A solution of am§ 
nomalondiamidine dihydrochloride (2.0 gm.) in water (12 ml.) was Lal 
to pH 7. With efficient stirring at 0°, small portions of ethyl chloroca 
ate (totaling 2.0 ml.) and aqueous sodium carbonate (0.8 gm. in 4 mi 
were added alternately. The stirring was best achieved by forcing 
solution in and out of a medicine dropper with a drawn out tip. Th 
the acid chloride had completely reacted, the solution was neutralized 
with N HCl] and concentrated to dryness in vacuo below 50°. The resi / 
was triturated with 6 N HC] (0.6 ml.) and 95 per cent alcohol (25 ml.) a 
the insoluble portion disearded. ‘The product was soluble in absolute aleo| ™ 
hol and was isolated as the final crop after successive concentrations a 
added portions of absolute aleohol. A stream of air was used to effect = 
concentration at room temperature. Several crops of infusible ery oa 
separated. After each filtration, absolute alcohol (15 ml.) was added on 
the concentration repeated. The product finally appeared as _roset a 
needles. The yield, increased by a very gradual addition of dry ether 
was 0.63 gm., 24 per cent m.p. 210-212° with decomposition. Reecrystall: 
zation from absolute alcohol and ether produced needles melting at 217- 
218°. Mt 

C.H,,0:N,-2 HCl. Caleulated. C 27.70, H 5.81, N 26.93 ultt 
Found. ** 27.96, ** 5.75, “ 26.60 8 

Synthesis of 6-Amino-8-hydrory-imidazo-1 ,2,3-triazine (8-Hydroxyaz| 
adenine) (11)—Aminomalondiamidine dihydrochloride (1.0 gm.) in watel 
(6 ml.) in a centrifuge tube was treated as described above, in an ice sal} \™ 
bath with alternate portions of 10 x NaOH (12 X 0.2 ml.) and ethyl « and 
carbonate (10 0.1 ml.) during 15 minutes. A gel formed in the eark ae 
stages and was redissolved by addition of the extra portions of alkali, givi ~ 
rise to a new granular precipitate of the crude imidazole (VI). Int he 
synthesis of the desired triazine (11), it was unprofitable to purify both t dt 
urethane and the imidazole intermediates. At the end of the reaction, t had 
precipitated imidazole base (V1) was filtered with suction at a pH of 8 tog “™ 
washed with cold 50 per cent ethanol, and finally with absolute alcohol) 
A solution of this material in water (9 ml.) and acetic acid (1.5 ml.) w 
centrifuged free of some insoluble material, cooled to 0°, and added to 4” 
cold solution of sodium nitrite (0.45 gm. in 9 ml. of water). A pale vel = 
precipitate soon formed which was filtered, washed with water, and dri rah 
inair. The vield, caleulated for a hydrate, was 0.25 gm., 25 per cent fre aay 
aminomalondiamidine dihydrochloride. For analysis, a sample was 1 
crystallized first from a solution in strong ammonia by concentration to filtr 
small volume, then from boiling water. An anhydrous sample was are 


tained by a preliminary heating mm vacuo at 100° for 2 hours, followed by 
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} an additional 6 hours at 125°. The material retained its water of erystalli- 
zation tenaciously. 


CH,ON«. Caleulated. C 31.58, H 2.65, N 55.26 
Found. ** 31.61, ** 2.69, ** 55.38 


The synthetic material gave a single spot with the same Ry, value as the 
enzymatic oxidation product under the conditions described below. 

2-H ydroxy-4-amino-5-imidazolecarboramidine Hydrochloride (VI)—The 
crude imidazole obtained as a precipitate from an ethyl chlorocarbonate 
reaction as described above in the triazine (II) synthesis, when treated 
with 6 N hydrochloric acid (1.5 ml.) and absolute alcohol (5 ml.), deposited 
0.15 gm. crystals of the amidine hydrochloride. ‘The product was reprecipi- 
tated from aqueous alcohol with ether and dried at 125° in vacuo for 2 
| hours. The analysis of several samples indicated a hemihydrate. How- 
ever, further drying resulted in some decomposition, as evidenced by 
decreasing nitrogen content. 

Caleulated. N 37.5383 
Found. 37.59 


At pH 6.5, a solution of the product absorbed at a single maximum in the 
ultraviolet at 309 to 310 my, « = 11,000. 

8-H ydroryazaadenine from Action of Xanthine Oxidase on 2-Azaadenine— 
Azaadenine (11.3 mg.) was dissolved in 1 ml. of water with the addition of 
the minimum amount of N NaOH and the solution was added to 0.2 m 
NasHPO, (3 ml.). The pH was adjusted to about 8.5. Catalase (0.1 mg.) 
and xanthine oxidase (15 ml. of a solution, 0.1 ml. of which oxidized hy- 
poxanthine at the rate of 1 y per minute) were added. After 2 hours at 
‘| room temperature, aliquots showed no further increase in absorption at 
270 my and the oxidation was considered to have ceased. Before isolation 
of the product, it was advisable to make certain that all of the azaadenine 
had been oxidized. In most experiments this was the case; but when it 
was not, additional enzyme was added. This check on the extent of the 
oxidation was provided by paper chromatography in butanol, diethylene 
gveol, and water (4:1:1). The spots were visualized by means of the 
Mineralight V-41 lamp (7) as in the case of purines. In ascending chro- 
matograms of about 16 hours duration on Whatman No. | paper, the R, 
values for azaadenine and its oxidation product were OAT and 0.29 
respectively. 

The oxidation mixture was deproteinized with perchloric acid and the 
filtrate brought to pH 4.) The erystals which formed in the filtrate after 
several days were finally collected in a conical centrifuge tube, washed 
with water, and dried in vacuo at 125°. The vield was 7.8 mg. The ultra- 
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violet and infra-red absorption spectra of the isolated and synthetic com. 
pounds were identical; the infra-red spectra are shown in Fig. 9. The R, 
values of both the synthetic and the isolated product in the above solvent 
were the same. The isolated substance was analyzed before it was appre. 
ciated that prolonged heating was required for complete dehydration o 
8-hydroxyazaadenine. The material, dried 2 hours at 125°, gave analytical 
values corresponding to a hemihydrate. 


Calculated. C 20.82, H 3.13 
Found. ** 29.24, “* 3.46 
Synthetic 8-Hydroxyazaadenine 
i4 
Wavelength - 


Fic. 9. Infra-red spectra of synthetic and enzymatically prepared S-hydroxy. 


azaadenine. Samples in mineral oil suspension measured in a Perkin-Elmer double} 


beam recording infra-red spectrophotometer. 


DISCUSSION 


Xanthine oxidase is known to oxidize a number of heterocyclic com- 
pounds in addition to xanthine and hypoxanthine, including purines (8), 
pyrimidines (9), and pterines (10) not found in nature. The organic in- 
hibitors of the enzyme have been of two types. The first includes some of 
these unnatural substrates which are slowly oxidized such as 2-amino-+- 
hydroxypteridine (10). The second contains those compounds which are 
not themselves attacked, such as 2-amino-4-hydroxy-6-formylpteridine 
(11). The present study is apparently the first example of an inhibition 
of xanthine oxidase which is due, in part, to the enzyme oxidizing the 
substrate analogue, 2-azaadenine, at a rate preferential to the normal sul- 
strate, hypoxanthine. Thus, the oxidation of hypoxanthine is ntate 
initially by the unavailability of about 80 per cent of the enzyme, as the 
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latter is involved in the oxidation of azaadenine. The resultant oxidation 
product, 8-hydroxyazaadenine, then inhibits the completion of the normal 
oxidation in the manner of the more familiar, unattacked substrate ana- 


logues. 

The results of these studies with 2-azapurines and the isolated enzyme, 
xanthine oxidase, bear considerable resemblance to the effects observed 
vith whole organisms. For example, in both instances azaadenine was an 
inhibitor, whereas azahypoxanthine was ineffective. For the enzyme as 
well as for some bacteria, azaadenine was a competitive antagonist of 
hypoxanthine. Finally, in all cases its action appeared to be directed more 


‘A | against the metabolism of hypoxanthine than against that of xanthine. 


‘droxy. 


ms (8), 
nic in- 
of 
ch are 
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In the present study, for example, while the analogue took precedence over 
hypoxanthine as a substrate for xanthine oxidase when the analogue was 
present with xanthine, the enzyme showed considerably less selectivity 


oxidized both members of the mixture at comparable rates. How- 


ever, it seems more likely that xanthine oxidase has acted merely as a 
model for the mechanism of action of azaadenine in whole organisms than 
that it is the actual site of action (in mice, for example). Furthermore, 


| the results with this enzyme may have more general implications, broaden- 


ing our understanding of antimetabolites by indicating the possibility that 
a structural analogue may act very well as an abnormal substrate with 
two possible results, a deficiency of the normal enzymatic product or en- 


jzyme function plus formation of a new toxic analogue from the abnormal 


reaction. 


SUMMARY 


2-Azaadenine and 2-azahypoxanthine served as substrates for milk xan- 
thine oxidase. Azaadenine was attacked at a rate somewhat faster than 
that of hypoxanthine. The product of enzymatic oxidation of 2-azaade- 
nine has been isolated and its structure proved to be 8-hydroxvazaadenine 
by comparison with the product obtained from a chemical synthesis. 

Spectrophotometric studies were carried out which showed that the time 
required for xanthine oxidase to oxidize its normal substrates, xanthine 
and hypoxanthine, was prolonged 2- to 4-fold in the presence of equimolar 
azaadenine. The inhibitory effect of the latter was shown to be due to 
two circumstances, a simultaneous oxidation of the purine analogue and 
normal substrate plus the formation of a secondary inhibitor, S-hydroxvaza- 
adenine. 

Azaadenine was more effective as an inhibitor of hypoxanthine than of 
wanthine oxidation. The results indicated that the two compounds com- 
peted for xanthine oxidase, but azaadenine was oxidized approximately 5 
times more rapidly than hypoxanthine in the early stages of oxidation 


3 
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of mixtures of the two and was thus preferentially oxidized before much of 
the normal reaction had taken place. 
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I™.LABELED t-THYROXINE 
II. NATURE OF THE EXCRETION PRODUCT IN BILE* 


By ALVIN TAUROG, F. N. BRIGGS, anv I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine 
Berkeley, California) 


(Received for publication, July 21, 1951) 


In a recent study carried out in this laboratory (1), I'*'-labeled L-thy- 
roxine of high specific activity was injected into rats, and the I"'-con- 
taining compounds eliminated in bile were studied by means of filter paper 
partition chromatography. Radioautographs of the chromatograms re- 
vealed that a large part of the I in bile was in the form of an unidentified 
component which did not correspond to any of the known iodine com- 
pounds in mammalian tissue. 

Further studies on the nature of the thyroxine excretion product in 
bile (referred to here as Compound U) are presented in this communica- 
tion. It appeared likely that Compound U was a conjugated thyroxine 
compound, and our first approach to determining its structure was to 
attempt various methods of hydrolysis. These efforts met with some 
suecess, even though the quantities of Compound U available for analysis 
were exceedingly minute. Crystallization of the small amounts of ma- 
terial was not feasible, but isolation of fairly pure specimens of Compound 
U was achieved by fractionation on filter paper and subsequent elution of 
the band corresponding to the compound. The eluate of Compound U 
could then be treated in any appropriate manner and rechromatographed, 
a procedure which permitted useful chemical tests to be carried out on 
less than 1 y of unknown material. By these means it has been estab- 
lished that Compound U is a thyrorine-containing substance. Experi- 
ments dealing with the chemical nature of this material are also presented. 


EXPERIMENTAL 


Preparation of Labeled u-Thyroxine—Two different preparations of L- 
thyroxine were employed in the present work, and both vielded similar 
results. In some experiments, the labeled thyroxine was prepared by an 
exchange reaction between purified I (Oak Ridge) and L-thyroxine 
(Glaxo)' in 5O per cent ethyl alcohol at pH 4 to 5. The radioactive thy- 

* Aided by a grant from the United States Public Health Service. 


‘We are indebted to Dr. B. A. Hems, Research Division, Glaxo Laboratories, 
for a generous supply of L-thyroxine. 
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roxine crystals, which precipitated upon removing the alcohol under pm 
duced pressure, were washed several times with water and dissolved 
0.02 x NaOH before injection. The degree of exchange was variable 
these experiments (10 to 50 per cent) and the specific activity of the fin 
product varied from 1 to 7 we. per microgram of thyroxine. 

In other experiments, a preparation of radioactive L-thyroxine provide 
by the Abbott Laboratories was used. This radiothyroxine, also oo 
by exchange, was supplied in 50 per cent propylene glycol solution. It 
specific activity was 4 to 9 wc. per microgram. 

The purity of the radiothyroxine preparations was checked by filte 
paper chromatography, but, because of the difficulty in finding a suitabk 
developing solvent which did not decompose appreciable amounts of th 
thyroxine, this method was not used as the only criterion of purity. rc 


radiothyroxine was also tested by the Blau butanol extraction procedur 
(2), and the final butanol extract usually contained about 90 per cent ¢ 
the I™. Pure crystalline thyroxine subjected to the same extraction pro 
cedure yielded 95 to 99 per cent of the added iodine in the butanol extract 
Thus, not more than 5 to 10 per cent of the I'" in the radiothyroxine prep. 
aration could have been in the form of inorganic iodide, although th 
filter paper chromatogram of the same thyroxine, developed in the cok 
lidine-water-NH, solvent, showed a much larger fraction of inorganic I" yw 
(Fig. 1,a). In the latter case, the inorganic I must have arisen largely *« 
through breakdown during the chromatography. The use of an acid so ** 
vent, such as secondary butanol-acetic acid-water,? for chromatographin 
the radiothyroxine solutions yielded chromatograms which showed prims 
rily a single band at the solvent front corresponding to thyroxine, an¢ 
very little inorganic I (Fig. 1, ). sal 
The collidine-water-NH; solvent, even though it produced breakdow 
of thyroxine and probably of other iodine compounds, was used through 
out this investigation because, of all solvents tested, it gave the mos ,,,, 
discrete bands and the best resolution for the compounds which we con- 
sidered most important. However, it must be recognized that this solven' 


has serious shortcomings and cannot be used for quantitative estimation » 
of thyroxine. 

Collection of Bile from Rats—70 to 125 y of radio-u-thyroxine were ix" 
jected subcutaneously into adult male rats into whose bile ducts smal : 
diameter, polythene tubing had been inserted. The rats were kept it 4. 
restraining cages (3) and were not anesthetized during the period tha 4 
bile was collected. Typical data on the rate of excretion of the injecte : 


I’ in the bile are shown in Table I. In agreement with the results re - 
ported in our previous communication (1), it was observed that sub ~ 


24. Gleason, Abbott Laboratories, personal communication. 
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he col- Fic. 1. Radionutographs of [labeled t-thyrexine. solvent, collidine-water 
nie 100:35.5) in an ammonia atmosphere; 4, solvent, secomlary butanol-acetie acid- 
largely water (33:2:22). origin; Tr, thyroxine; Dy, ditodothyronine; 7, inorganic iodide; 
cid sol solvent front. 


an’ Evreretion of in Bile of Rats 


Subcutaneous injection of 71 y P~ Intravenous injection of carrier-free Intravenous injection of 1.14 1. 
labeled thyroxine iodide labeled t-thy roxine 


tle tive tive ohume tive 
Interval of bile during T' in Interval of bile during TP in Interval of bile during I" in 
re con interval bile interval bile interval bile 
solven' per coml per cont per cont per cent per cent per cent 
ef ot of of or 
= imiccted impected avs. imiected imiected ars imvected impected 
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ere ib l 1.5 14 1 os 8.0 
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3 20 a.2 &8 2.3 26 23 1.0 6.3 23.0 
12.4 24 06 32.34 1.8 8.8) 28.8 
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cutaneously injected thyroxine I is eliminated slowly in the bile durief [| 
the Ist hour, but more rapidly thereafter (Table I). The maximum coo} yu 
centration of I in bile is reached usually after the 3rd hour. In thi93. 
present study, the bile collected between the 3rd and Sth hours after ie} pen 
jection of radiothyroxine was generally used for filter paper chromatog 
raphy. 100 to 150 yl. of the bile were delivered directly on filter pape 


urin 
0 att 
b 
Fic. 2. Radioautographs of bile samples taken from animals injected with I ject 
labeled L-thyroxine. a, rat bile 3 to 4 hours after subcutaneous injection of 71 74 tive 
labeled thyroxine; 6, rat bile 3 to 4 hours after subcutaneous injection of 5205 ¢ 
labeled thyroxine; c, dog bile 7 to 9 hours after intravenous injection of 200 5 Fig 
labeled thyroxine. O, origin; Compound U; thyroxine; 7, inorganic iodide 
S, solvent front. spor 
tyre 
strips in 25 wl. portions. The filter paper chromatographic technique abo 
used in this laboratory has been described previously (4). The solvent F 
was collidine-water, 100:35.5, and the chromatogram was developed it con 
an atmosphere of 
Isolation of Compound U from Filter Paper Chromatogram—The location jt y 
of the Compound U on the filter paper strip was determined from the afte 
corresponding radioautograph. A typical radioautograph is shown in Fig — F 
2,a. The section of the filter paper strip corresponding to Compound U fece 
Was cut out, tapered to a point at one end, and eluted with 0.02 ~ NaOH. mat 
Elution with 0.3 ce. of liquid served to remove 90 to 95 per cent of the geid 
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(@ from the filter paper section. The elutions were carried out in a small 
quarium with a tight fitting lid, 2 to 4 hours being required to collect 
03 ce. of eluate. Such eluates were the starting material for all experi- 
ments with Compound U. 


Results 
Chemical Hydrolysis of Compound U 


Various hydrolytic agents, such as NaOH, H.SO,, HCl, and Ba(OH)., 
were used in our attempt to split the unknown compound of bile. The 
pbydrolysates were extracted with butanol, and the butanol extracts were 
dJeivered on filter paper strips for chromatography. The most success- 
il hvdrolytie agent proved to be 5 to 10 per cent Ba(OH).-SH.O. In 
this manner it was found that thyroxine is released by hydrolysis, thus 
etablishing Compound U as a thyroxrine-containing compound (Fig. 3, 
». A considerable quantity of inorganic iodide and some diiodothyronine 
were also present on the chromatogram; a good part of these probably 
arose through decomposition of thyroxine or of Compound U during the 
hydrolysis. 


Everetion of Thyroxine-1™ in Urine and Feces 


Two normal rats were injected subcutaneously with 80 y of radiothy- 
roxine, and placed in metabolism cages that permitted the separation of 

‘urine and feces. The rats were sacrificed after 44 hours. The thyroids 

at that time contained 3.2 and 3.9 per cent, respectively, of the injected 

) Urine—After 44 hours, the urine contained 22 to 24 per cent of the in- 
ith I jected ['. Small aliquots of the urine (0 to 21 hour sample) were de- 
| bes livered on filter paper strips for chromatography. The radioautographs 
00 5 , ‘Fig. 3, 6) showed primarily a single band corresponding to inorganic 
iodide Wide. The very weak band shown in the autograph probably corre- 

sponds to Compound U, but this was not definitely established (diiodo- 

‘tyrosine and monoiodotyrosine were not ruled out). In any case, however, 
nique about 95 per cent of the [ in urine was in the inorganic fraction. 
olven! — Frees —After 44 hours, the feces (exclusive of gastrointestinal contents) 
red If contained 42 to 48 per cent of the injected I. Since we have found that 

I excretion in bile in this interval usually amounted to 50 to 60 per cent, 
eatiot it would appear that only a small part of the iodine eliminated in bile 
m the after thyroxine injection was reabsorbed. 
un Fig For chromatographic analysis it was necessary to prepare an extract of 
ind U feces for delivery on the filter paper. A small portion of the total fecal 
OI material was homogenized with 10 per cent trichloroacetic acid, and the 
of the acid homogenate was extracted with butyl aleohol. Most of the original 
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activity was extractable with butyl alcohol under these conditions. Th 
butanol extract, however, contained a good deal of material which inter 
fered with the proper development of the filter paper chromatogram 
Treatment of the extract with a small quantity of 2.\ NaOH resulted } 
the precipitation of a dark colored material which contained only a neg. 
ligible part of the I. This precipitate was removed by centrifugation 
and the clear butanol extract was used for filter paper chromatography 


‘ 


) 
U 
Q b Cc 


Fic. 3. a, radioautograph of Compound U after hydrolysis with 10) per cen 
Ba(OH).-SH.O for hours; 6, radioautograph of rat urine (Oto 21 hours) after sub 
cutaneous injection of SO 4 of labeled L-thyroxine; ¢, radioautograph of feces from 
the same rat as in b. ©, origin; (°, Compound U; 7, thyroxine; Dy, diiodothy 


ronine; 7, inorganic iodide; S, solvent front. ( 


Surprisingly, the radioautograph of the feces extract showed that Com 
pound U was completely absent (Fig. 3, 6). A definite band for thyroxine 
was present, however, indicating that the bile compound had been hy- 
drolyzed in its passage through the intestine. The absence of Compound 
U in the fecal extract cannot be attributed to failure of extraction with 
butyl aleohol, since it has been shown that Compound U in bile was ab) 
most completely extractable with butanol at pI 3 to 4. 

The presence of a considerable amount of inorganic [in the feces we 
also evident from the radioautogram (Fig. 3,.¢). A good deal of inorgane 
1 is apparently released during intestinal hydrolysis of Compound U. 
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Enzymatic Hydrolysis of Compound U 


After it had been established that Compound U was a thyroxine-con- 
taining compound and that its hydrolysis occurred somewhere in the in- 
testine, it became apparent that information on the nature of the linkage 
between thyroxine and the rest of the molecule might be obtained through 
enzymatic hydrolysis. The action of pancreatic enzymes was first ex- 
amined. Attempts were made to hydrolyze Compound U with a mixture 
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Fie. 4. Enzymatic hydrolysis of Compound Radioautographs after treat- 
ment with the following enzymes: a. 150 5 of erystalline carboxypeptidase for 24 
hours; 6, 5 mg. of ervstalline trypsin + 5 mg. of erystalline chymotrypsin for 24 
hours; «, extract of rat intestinal mucosa for 24 hours; ¢d, 2 mg. of erude bacterial 
glucuronidase (Sigma) for 2 hours. Swmbols as for Fig. 3. 


of crystalline trypsin and chymotrypsin in phosphate buffer at pH 74, 
and with carboxypeptidase in bicarbonate buffer at pI] 8.3. After 24 to 
48 hours ineubation at 37°, the digests were adjusted to pH 3 and ex- 
tracted with butyl aleohol. A single extraction with an equal volume of 
butanol served to remove SO to 90 per cent of the [I activity, and the 
butanol extracts were delivered on filter paper for chromatography. The 
corresponding radioautographs are shown in Fig. 4, a and 6. Very little 
hydrolysis of Compound U occurred under these conditions. | 
When an extract of rat pancreas plus intestinal mucosa was substituted 
for the crystalline enzymes, there was only a slight increase in the degree 
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of hydrolysis. Very similar results were obtained with an extract of in. 
testinal mucosa without pancreas (Fig. 4, ¢). 

It was concluded from these results that neither pancreatic enzyme 
nor enzymes from the intestinal mucosa were responsible for hydrolysis 
of Compound U in the gut. It seemed unlikely therefore that Compound 
U was a peptide of thyroxine. 

One of the most common detoxifying agents for phenolic compounds ip 
the animal body is glucuronic acid, and it seemed possible that this mighy 
be the compound with which thyroxine is conjugated in Compound U. 
We therefore treated Compound U with a preparation of the enzyme, 
8-Glucuronidase.® This material was indeed exceedingly active in split- 
ting the thyroxine excretion product in bile (Pig. 4, ¢). Incubation with 
an excess of the bacterial 8-glucuronidase preparation in phosphate buffer 
at pli 6 to 7 resulted in fairly complete hydrolysis in 30 minutes, with 
the formation of thyroxine. 

Hydrolysis of Compound U could also be readily effeeted by treatment 
with intestinal contents removed from either the lower small intestine or 
from the large intestine of a rat. 


Compound U in Dog Bile 


Detoxication reactions vary a good deal among species, and it seemed 
of interest to determine whether Compound U formation also occurred 
in the bile of animals other than the rat. 200 7 of I-labeled L-thyroxine 
were injected intravenously into a 5.5 kilo dog into whose bile duet « 
cannula had been introduced to allow continuous collection of bile. The 
dog remained anesthetized with sodium barbital throughout the exper: 
ment. The bile flow was proportionately much slower than that of the 
rats used here. In 11 hours, only 19.3 per cent of the injected ['" was 
eliminated in the bile of the dog, whereas over twice this quantity ap 
peared in the bile of rats in a similar period after intravenous injection. 

When the dog bile was subjected to filter paper chromatography, 4 
strong band corresponding to Compound U was observed. The early 
sumples of bile showed relatively more unchanged thyroxine than Com- 
pound U, but after a few hours Compound U was predominant (Fig. 2. 


Fic 
dioaut 
hour 
jection 
| after | 
or ap 
duets 


those of rat bile: (1) the absence of the weak band close to the origin. 
which almost always accompanied Compound U in the bile of rats, and 
(2) the presence of a weak, unidentified band above Compound U, absent 
in rat bile. 


*A commercial, bacterial preparation supplied by the Sigma Chemical Com- 


The radioautographs of dog bile showed two minor differences from. 
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pany, St. Louis, possessing an activity of 1S,500 units per gm. A unit is defined as 
that amount of enzyme which will liberate 1 4 of phenolphthalein from phenol. 
phthalein glucuronide in | hour under specified conditions. 
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Formation of Compound U from Endogenous Thyroxine 


Although Compound U was found in the bile of rats which had been 
injected with as little as 15 y of thyroxine (1), it seemed desirable to deter- 
mine Whether this compound was formed under physiological conditions. 
Rats that had been maintained on a low iodine diet were injected with 
100 we. of carrier-free Oak Ridge I either immediately after (Table D) 
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Fic. 5. Compound U formation from endogenously synthesized thyroxine. Ra- 
dioautographs of bile taken from rats injected with earrier-free iodide I. a, 5 to 
Shours after injection; 6, S to 11 hours after injection; ¢, 26 to 20 hours after in- 
jection; d, 2 to 6 hours after introduction of cannula into bile duet, 20 to 24 hours 


| after I injection (see the text). Swmbols as for Fig. 3. 


or approximately 18 hours before cannulas had been inserted in the bile 


‘\ duets. The bile obtained was chromatographed at intervals in’ both 


groups of rats. The results are shown in Fig. 5. In the rats injected im- 
mediately after the cannula was introduced, the early samples of bile 
‘up to 5 hours) contained only iodide I. As the thyroid gland began to 
release more I''-labeled thyroxine into the circulation, however, Com- 
pound U began to make its appearance in bile (Pig. 5). It is significant 
that labeled Compound U appeared in bile more rapidly than did the 
labeled thyroxine from which it was formed. From these results, there- 


‘nol: fore, it can hardly be doubted that, in the rat at least, excretion of thyroxine 
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in the form of Compound U in bile is a normal physiological process. | 
is clear also that the liver excretes Compound U much more readily thay 
it does unchanged thyroxine. 

Conversion of Thyroxine to Compound U by Surviving Tissue Slices 


Radiothyvroxine was incubated with rat liver, kidney, spleen, heart, dig. 


phragm, and brain slices in an oxygenated bicarbonate-Ringer solution. 
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hic. 6. Radiowutographs of extracts of surviving rat tissue slices after incubation 
with labeled thyroxine. a, liver; 6, kidney; ¢, diaphragm; d, heart. Symbols as 
for Fig. 3. 


Approximately 2.5 7 of ['-labeled thyroxine were added to 400 mg. of 
slices in 3 ec. of Ringer’s medium at 37°. After 2 hours of incubation, 
the tissue was separated from the medium, rinsed in saline, and homo- 
genized with 2.5 per cent trichloroacetic acid. The acid homogenate was 
extracted with butanol and delivered on filter paper strips for chromatog: 
raphy. 

The results are shown in Fig. 6. Formation of Compound U oecurred 
to the greatest extent in liver slices. Definite activity was also noted in 
kidney slices, but all other tissues tested gave negative results. [t ap. 
pears, therefore, that conjugation of thyroxine is not a general property ol 
all tissue, but rather a reaction that occurs primarily in the liver and per 
haps, to some extent, in the kidney. 
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DISCUSSION 


The nature of the iodine found in bile after thyroxine administration 
has been the subject of numerous investigations (5-12). These have been 
excellently reviewed by Monroe and Turner (13). 

I-labeled thyroxine of high specific activity has made it possible to 
study the fate of thyroxine, even when it is injected in doses approaching 
the physiological range (12, 14,15). The method of filter paper chromatog- 
raphy used here for analyzing the bile of animals injected with I'-la- 
beled thyroxine has many obvious advantages. The sensitivity and 
specificity of this method are unsurpassed at the present time, and, con- 
veniently enough, bile can be used directly in this procedure without fur- 
ther treatment. 

The results reported here confirm our previous finding (1) that injected 
thyroxine is excreted in bile largely in the form of an unknown compound, 
which, for convenience, we have called Compound U. It can now be 
stated that even endogenously synthesized thyroxine is eliminated in bile 
in the form of Compound U. This is clearly demonstrated in Fig. 5. 
The rats in this instance were injected with carrier-free I'' so that the 
physiological steady state of the animals was not upset. The I''-labeled 
thyroxine in the blood of these rats came from their own thyroid glands 
which had concentrated the injected I, converted it to thyroxine, and 
finally secreted it into the circulation. The first appearance of Compound 
U in the bile coincides roughly with the appearance of appreciable 
amounts of labeled thyroxine in the blood (16). It may be added in this 
connection that after the intravenous injection of only 1.1 y of labeled 
i-thyroxine into rats, a dose which may be considered physiological, 56 
per cent of the injected I" was excreted in the bile in 25 hours (Table I). 
This rate of excretion was only slightly less than that observed following 
the intravenous injection of large doses of thyroxine. 

It is of particular interest that Compound U, which is the major thyrox- 
ine excretion product in the bile of rats, was not found in the feces of rats 
that had been injected subcutaneously with 80 y of labeled thyroxine. 
Our finding that free thyroxine is the major component of the feces must 
mean that Compound U is hydrolyzed during its passage through the gut. 

Compound U is apparently not reabsorbed to any appreciable extent, 
since filter paper chromatograms of plasma have failed to reveal any trace 
of Compound U.‘ Moreover, most, if not all, of the I' which entered 
the bile was finally eliminated in the feces. 44 hours after the sub- 
cutaneous injection of 80 7 of labeled L-thyroxine, 42 to 48 per cent of the 
I" was recovered in feces (not including gastrointestinal contents). Ex- 
cretion in bile during this period usually amounted to 50 to 60 per cent. 


‘Unpublished observations. 
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Even under conditions leading to the excretion of primarily unchang 
thyroxine in bile, such as after the injection of large doses of thyroxin 
reabsorption appears to be very slight. Gross and Leblond found 70 p 
cent of intravenously injected thyroxine I" in the feces of rats 24 hou 
after the injection of 800 y (11). Krayer reported that as much as § 
per cent of the injected iodine was present in the feces of rats 6 hours 
intravenous injection of 1300 y of thyroxine (6). 

The rat’s capacity for converting thyroxine to Compound U is quit 
limited. When a large dose of labeled thyroxine, such as 500 y, was it 
jected subcutaneously, most of the I'' excreted in the bile during 
first 7 hours was in the form of unchanged thyroxine, although a go 
deal of Compound U was also excreted. The radioautograph of the bik 
sample collected 3 to 4 hours after the injection is shown in Fig. 2, b. i 
is thus clear that large amounts of Compound U cannot be obtained fre 
the bile of the rat merely by increasing the size of the injected dose 
thyroxine. 

It is not yet known whether the modified form of thyroxine, Compou 
U, is calorigenically active. Such studies must await the isolation 
larger quantities of this material. 

The formation of Compound U from thyroxine, as might be expectedje 
takes place to a greater extent in liver slices than in other tissues (Fig. 6.04 4 
It has long been realized that the liver plays a prominent réle in the inp 9 | 
activation of excess thyroxine (13), and the present study provides 4... 
chemical basis for this behavior, conjugation and excretion of the con}, 
jugated product in bile. The possibility that some degree of conjugatiog 
occurs in the kidney is also suggested in Fig. 6. It is of interest tha} 4 | 
homogenization of liver tissue destroyed its ability to form Compound [}, iy 
in vitro. bile of 
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The finding that Compound U was readily split by a commercial preph,,.,a, 
aration of 8-glucuronidase must be accepted with caution, because othe}, 
enzymes were also present in this preparation. It is possible that som, .. 
enzyme other than 6-glucuronidase was responsible for the hydrolytic act 4 
tivity. However, it does seem that a glucuronoside structure for Com, 
pound U should be strongly suspected, especially since phenolic compound, 
are known to conjugate readily with glucuronic acid. Furthermore, th ux 
finding that Compound U is split during its passage through the intestin4,, 
also fits in well with a glucuronoside structure, since the Escherichia cf 5 - 
in the intestine could act as a plentiful source of 8-glucuronidase (17). by 19 

We are unable to inhibit the hydrolysis of Compound U in the intesting,, , y 
of the rat by feeding succinylsulfathiazole and streptomycin, agents which ¢ , 
have been used to eliminate bacterial action in the intestine. This dog, 
not necessarily mean, however, that intestinal bacteria play no rdle | 
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“ANE be hydrolysis of Compound U. The intestinal sterilization in our ex- 
yriment may not have been complete, and the survival of relatively few 
“Ef the bacteria may have been sufficient to decompose the very small 
“i uantities of Compound U which were excreted in the bile. Studies on 
“Ethe réle of bacteria in the intestinal hydrolysis of Compound U are 
ontinuing. 

| In addition to Compound U, the bile of thyroxine-injected rats contains 
“4 nother unknown component which appears on the radioautographs just 


above the origin (Figs. 2, a and 5, d). The nature of this component is 
ng Wot yet known. It may bear some relation to the unknown Compounds | 


+ B008 nd 4, recently described by Gross and Leblond (18) in the organs and 
he | ecreta of thyroxine-injected mice and rats. They suggest that these 
b. fcoompounds are metabolic products of thyroxine. From the occurrence 
“ of these compounds, it does not appear likely that they are related to the 


‘Compound U described here. 


SUMMARY 


ion @ |. Our previous finding that injected thyroxine is eliminated in bile in 
he form of a hitherto unidentified compound (Compound U) has been con- 
ectetimed. This compound was readily detected in the bile of both the rat 
the dog injected with small doses of I-labeled L-thyroxine (Fig. 2). 
he 2. Formation of Compound U from labeled thyroxine was also found to 
ides foccur in surviving rat liver slices, but not in homogenized liver. Kidney 
> COM Jices showed some activity, but heart, diaphragm, spleen, and brain were 
Batic mpletely inactive (Fig. 6). 
t ths? 3. Endogenous thyroxine in the rat is also eliminated in the bile, pri- 
ind Uri y in the form of Compound U. This was shown by examining the 
ile of rats injected with carrier-free doses of inorganic I''. The first ap- 
earance of radioactive Compound U in the bile of these rats coincided 
othefrith the appearance of appreciable amounts of radiothyroxine in their 
lasma (Fig. 5). 
4. Very small samples of Compound U, free from other iodine com- 
bounds, were obtained by eluting the appropriate section of filter paper 
“fhromatograms prepared from the bile of rats injected with 70 to 125 
f I-labeled L-thyroxine. Such eluates were the starting material for 
ious chemical tests performed to determine the nature of Compound U. 


p, 


a 5. Thyroxine was released from Compound U upon hydrolysis with 5 | 

7). bo 10 per cent Ba(OH),-8H.0 (Fig. 3), thus establishing ‘Compound U 

sa thyrorine-containing compound. 

Vv 6. Compound U was completely absent from the feces of rats injected 
“With labeled thyroxine. The major I''-containing components of the 

, as revealed by filter paper chromatography, were thyroxine and 


+ 
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inorganic iodide (Fig. 3). Apparently, Compound U was hydrolyzed; 
its passage through the intestine. )ESA 

7. Compound U was not hydrolyzed by trypsin, chymotrypsin, ¢ 
boxypeptidase, pancreatic extract, or extract of intestinal mucosa (Ff; 

4). It is unlikely, therefore, that Compound U is a peptide of thyroxinf’™ ' 
Compound U was, however, hydrolyzed by intestinal contents from th 
lower small intestine or large intestine of the rat. 

8. Compound U was readily hydrolyzed by a preparation of 
8-glucuronidase (Fig. 4). Complete hydrolysis occurred in 30 minutes 
pH 7 with an excess of this enzyme preparation. The significance of th 
finding is discussed. 
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The presence of salts in amino acid solutions makes difficult the prepa- 
-Bution of paper chromatograms that can be easily interpreted. The effect 
salts has been described by Consden and Gordon (1). An electrodialytic 
alting procedure has been developed by Consden, Gordon, and Martin 
. Their method has been studied with respect to amino acid recovery 
py Stein and Moore (3). Benson and coworkers' have used a relatively 
mp desalting procedure that employs both anion and cation exchange 

; and requires two concentrations to dryness. 
It was desired to develop a simple and rapid desalting technique that 
uld be applied routinely prior to quantitative estimation of amino acids 
putrid salivas by photometric scanning of one-dimensional paper chro- 

atograms (4). 

). | The principles of the method are as follows: The solution to be desalted 
first passed through a colunm of strong base anion exchange resin in the 
ydroxide form. Under the basic conditions prevailing, the amino acids 
predominantly anionic and are therefore retained by the resin with any 
(19\Pther anions which may be present. One important exception is arginine, 
hich, because of its strong basicity, washes through with the cations. 
The column is then eluted with HCl. The amino acids are thereby con- 
ed to their cationic form and are eluted along with the anionic con- 


E. 


Me Paminants. The eluate then contains chloride ion, the amino acids and 
tions originally present, and hydrogen ion as the only cation. Anion 
51). Pwehange resin in the bicarbonate form is added. The exchange of anions 


or bicarbonate is driven to completion by the loss of bicarbonate as COs. 
The amino acids are not taken up from the acid solution because of their 
tionic character under these conditions. In this work, 70 per cent al- 
holic solutions have been used throughout, since the putrid saliva samples 
in this form. This also facilitates concentration of the desalted solu- 
ions. However, the same principles would apply to aqueous solutions, 
It would appear that this technique should remove all substances that 


* Research Fellow of the National Institute of Dental Research, United States 
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‘Benson, A. A., personal communication. 
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been found that at least one substance not usually considered as capai@. 
of forming an anion, glucosamine, is not removed. Also, small amo 
of polypeptide material that remain after alcohol precipitation are at lediy, oo 
partially removed. The latter observation is presumably the result df), ¢) 
limitation in the number of exchange sites available to ions of high my per 
lecular weight. With macro molecules such as proteins, the availa, 
capacity of the resin is limited to its surface area. In contrast, small ial, , 
are free to diffuse in and out of the resin particles and, therefore, 

also occupy internal exchange sites. This diffusion is dependent, 

other things, on the ionic size and the pore size. The latter factor 
controlled, in large part, by the degree of cross-linkage of the polym§ pu 
chains. With large ions or with high cross-linkage, the diffusion may \@ Bull 
so sluggish as to limit the exchange capacity severely. By similar reas 
ing, it is apparent that the degree of cross-linkage may also affect the e 

of elution. This has been found to be true in the displacement anah 
(5) of amino acids from cation exchange resins. In our work, it 
found desirable to use a resin containing 4 per cent divinylbenzene @iysi 
the column step in order to get good recoveries and still keep the 
volume low. 

Recoveries of representative amino acids from a known solution 
a salt-amino acid weight ratio of about 40 have been determined. 
results are given in Table I. Although the variation in recoveries is rath 
wide, the data show that the variation between duplicate analyses is abage 
the same as within either set (without arginine), indicating that the van 
tion is ascribable to the rather large experimental error of the analyti 
procedure. An exception is arginine, which is nearly completely leq | 
Lysine may be partly lost. The good average recovery of the ami 
acids other than arginine, 96 per cent, indicates that the recoveries a 
nearly quantitative. 

(ne important advantage of this procedure is its rapidity. It is easif 
possible for one person to desalt six or more solutions, on as many colump 
in a few hours. The apparatus is relatively simple. With solutions : 
the type used here, only a small dilution of the sample occurs during 
procedure, 


are not amphoteric and should retain all that are. In practice, it Meup) 
l 
re 
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EXPERIMENTAL 


Resin Preparation” ‘The strong base anion exchange resin, Nalcite 5. 


(60 to 100 mesh), was freed of fine particles by washing by decantatie th 


? The authors are indebted to the National Aluminate Corporation, Chi his 
Ilineis, for a supply of this special resin. The most common commercial 
contain about S per cent divinyl benzene. 
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’, It Miuble impurities were washed out by alternate treatment in a column 


capegch 1 x HCl and 1 ~ NaOH for several cycles. The hydroxide form of 
IMOWED. resin used below was prepared by treatment of the chloride form in 
at lee columns with | s NaOH (carbonate-free) in 70 per cent ethanol until 


ult @Bbe eluate was free of chloride, and subsequent washing of the resin with 
igh mle per cent ethanol until the eluate was neutral. The columns were then 


Vaili®osened and reformed by back-washing. The bicarbonate form of the 
vall isin was prepared similarly by treatment with saturated NaHCO, and, 
re, 

Tasie I 

actor Recovery of Amino Acids after Desalting by lon Exchange 


olym Duplicate analyses with different solvents in the paper chromatographic method 
may i@/ Bull ef al. (4). 


hee Amino acid  Lutidine-water 
per cent per cent 
ene’ BLysi 57 
aminobutyric acid, 92 

y Average recovery (without arginine) | ~weneobe | 6 


er being washed, the material was dried in the air for several days, 
resins were regenerated as above after each use. 

Known Amino Acid Solutions—Two solutions, one containing five and 
he other six of the amino acids listed in Table 1, were prepared in 70 per 
t ethanol so as to contain approximately 0.1 um of each amino acid 
ml. To part of each solution, NaCl was added to give 2 mg. of salt 
ml. 

Desalting Procedure 18 mil. of the salt-amino acid solution were allowed 
orun through a column 11 em. by 0.37 sq. em. of Naleite SAR (60 to 
100 mesh, 4 per cent cross-linked) in the hydroxide form. The flow rate 
this and subsequent steps was no greater than 0.3 ml. per minute. 
is was followed by 6 ml. of 70 per cent ethanol in 2 ml. portions. Elu- 
ion was effected with HCL in 70 per cent ethanol. The eluate was 
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discarded until just before it became acid* (about 4.5 ml.). This po 

is conveniently indicated by a color change in the resin that progre SY 
down the column as it changes to the chloride form. 27 ml. of elu» 
were collected and poured into a flask containing 11 gm. of air-dried Nalé 

SAR (60 to 100 mesh, 8 per cent cross-linked) in the bicarbonate fom (From 
The solution was filtered when neutral to Congo red paper. 

Analytical Procedure—\ ml. of the desalted solutions and an equivaler 
amount, 0.67 ml., of the original salt-free amino acid solutions were eq§ Prot 
centrated directly on paper strips in spots 5 to 7 mm. in diameter by ceatiz 
modification of the method of Urbach (6). Duplicate strips were prepared] sored 
One set was developed with 2,4-lutidine-water (3:2 by volume) and thfiver ( 
other with n-butanol-acetic acid-water (4:1:2 by volume). The amouns| organi: 
of the amino acids on the strips were determined by the method of Balj One 
Hahn, and Baptist (4). tieipat 


SUMMARY af plas 


A simple and rapid method for desalting amino acid solutions by meang that tl 
of a low cross-linked anion exchange resin is described. Recoveries froaf but th 
known amino acid-salt solutions, as shown by quantitative paper chrfas othe 
matography, are complete within the experimental error of the analyticafto trar 
procedure. An exception is arginine, which is nearly completely lost, Pho: 
lysine, which may be partly lost. Polypeptide and non-ionizable subj phospl 
stances are also at least partly removed. dation 
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? Bubbles may form in the column owing to the presence of bicarbonate. If 
happens, elution is stopped at this point and the resin is loosened with a long gh 
rod or wire to free the gas. Elution is then continued. 
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real SYNTHESIS OF PHOSPHOLIPIDES IN DIABETIC DOGS* 


; By D. B. ZILVERSMIT anv N. R. DiLUZIO 
fore§ (From the Division of Physiology, University of Tennessee, Memphis, Tennessee) 


(Received for publication, June 14, 1951) 


eeg§ Pronounced disturbances of fat metabolism commonly occur in depan- 
by dcreatized dogs and diabetic patients. The ketosis and disappearance of 
nareif stored fat, which are associated with a rise in the lipide level of blood and 
id thf iver (1), probably result from the oxidation of large amounts of fat by an 
puns} organism deprived of insulin. 
| One purpose of this study was to find out whether phospholipides par- 
ticipate in the accelerated fat metabolism of the diabetic dogs. The other 
question which led to this investigation was concerned with the function 
oa plasma and liver phospholipides. Previous investigations have shown 
sand that the liver not only synthesizes practically all plasma phospholipides, 
fron but that it is also the main organ for their utilization (2). These as well 
pref as other findings (3) support the concept that phospholipides do not serve 
yticaf to transport body fat. 

Phospholipides may be involved in the oxidation of fat. In this case 
phospholipide turnover should increase under conditions in which fat oxi- 
dation is increased. The study of phospholipide turnover in the diabetic 
dog contributes, therefore, to a test of the hypothesis that phospholipides 
are involved in fat oxidation. 


197 Methods and Procedures 


98 Preparation of Depancreatized Dogs—Healthy, mongrel dogs were de- 
Pancreatized under nembutal anesthesia according to the standard pro- 
cedure (4). During the first few days after pancreatectomy they were fed 
thi sim milk and were given insulin twice daily in increasing doses. Skim 
milk was gradually replaced by the meat, sucrose, and raw pancreas diet' 
ued by Chaikoff and Kaplan (6), which was fed twice daily, accompanied 
by 10 to 20 units of insulin at each feeding. No attempt was made to 


* Aided by grants from the American Cancer Society (recommended by the Com- 
nittee on Growth of the National Research Council) and the Ella Sachs Plotz Foun- 
dition. The P™ used in this investigation was obtained from the Oak Ridge 
National Laboratory on allocation from the United States Atomic Energy Com- 
mission . 

' The diet was made up as follows: 250 gm. of frozen horse-meat, 50 gm. of sugar. 
5gm. of bone meal, 2 gm. of veast, and 2 gm. of Cowgill’s salt mixture (5). De- 
panereatized dogs were fed 125 gm. of raw pancreas per meal. 
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keep the urine free of glucose, but at no time was ketonuria present. —Aftelf phosp 
withdrawal of insulin the depancreatized dogs were kept on the same die ff (orgat 
including raw pancreas. Control dogs were fed the same diet without rayf phate 
pancreas. Each animal was maintained in an individual metabolism cag 
and fed measured amounts of food. 

Fasting blood sugar was determined according to the Folin-Wu methe| Th 
(7) on each day after insulin withdrawal. The severity of the diabetef 2,4, 
was judged by the fasting blood sugar levels and the extent of ketosis} in Fig 
Ketone bodies in the urine were determined daily by the method of setivi 
Rothera. When ketonuria was severe, 0.5 mc. of P® was injected intn| A 
venously in the diabetic dog and its corresponding control animal. Af phosp 
the 2nd and 4th hours after P® administration 6 to 8 ml. of blood wen] ue p 
withdrawn for the determination of the specific activity of acid-solubef phosp 
plasma phosphate. At the 6th hour a larger blood sample was taken fof parall 
the determination of plasma phospholipide specific activity in addition tof avera 
the specific activity of acid-soluble plasma phosphate. Each dog wag we ha 
then sacrificed by an intracardiac injection of Na pentobarbital, and tis} to th 
sue samples were immediately weighed and put into 95 per cent ethy| specif 
alcohol. Lw 

Lipides were isolated from tissues and plasma samples by extractionf diabe 
with alcohol, ethyl ether, and petroleum ether (8). For the determinatia : 
of phospholipide P®, aliquots of petroleum ether extracts were mounted o 
Whatman No. | filter paper (4.5 X 3.2 cm.), backed by aluminum foil 
and allowed to evaporate. After covering the sample with Scotch tape 
it was counted for at least 8000 counts with a Victoreen No. 1B85 Geige 
tube. 

Total phosphorus was determined on the same petroleum ether extra¢ 
by King’s method with a Klett photoelectric colorimeter (9). Total fattyi 
acids in the petroleum ether extract were determined by the technique 
Wilson and Hansen (10), by which it was possible to obtain 98 to 100 pe 
cent recovery of added oleic acid or hydrogenated cottonseed oil. 

The acid-soluble phosphate of plasma was determined by the addition 
of 10 ml. of 10 per cent trichloroacetic acid to a mixture of 1 ml. of plasms 
and 3 ml. of water (8). P® and P* were determined in the supernatant’ 

A 2 gm. sample of fresh liver was homogenized in 10 ml. of 10 per cent 
trichloroacetic acid. The filtrate was neutralized to phenol red with com 
centrated NH,OH. After addition of 1 ml. of magnesia mixture’ and | 
ml. of concentrated ammonia the precipitate of magnesium ammonium 


? Lead foil was used for mounting the P®, since aluminum foil partly dissolves 
upon heating with acid or base. A correction was made for the increased back 
scattering of S-rays. 

* Magnesia mixture, 50 gm. of MgCl.-6GHLO, 70 gm. of (NEL ICI, and 200 ml. 
concentrated NILOH made to 1000 ml. with water. 
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Aftef phosphate was allowed to settle overnight (11). Both the supernatant 
e die (organic acid-soluble fraction) and the precipitate (inorganic liver phos- 
it rar phate) were analyzed for P* and P*. 

n cag Results 

ethan} The values for the specific activities of acid-soluble plasma phosphate at 
abete§ 2,4, and 6 hours after the administration of P* are given as a semilog plot 
ptosis f in Fig. 1. In order to limit the number of curves, closely agreeing specific 
od activity curves were combined. 

ints-{ A relative measure of the rate of conversion of plasma phosphate to 
|. Atl phospholipide can be obtained from the ratio of the specific activity of tis- 
'wenf sue phospholipide to the average specific activity of plasma inorganic 
plubk§ phosphate. In our case, in which most of the specific activity curves are 
pn fof parallel, one can substitute the specific activity at a given time for the 
on tef average specific activity in the above ratio. In the following discussion 
x wat we have designated the ratio of the specific activity of tissue phospholipide 
d tis} to the specific activity of plasma inorganic phosphate as the “relative 
ethy| specific activity” of the tissue phospholipide. 

Liver Phospholipide Turnover (Table I)—An attempt was made to match 
ction} diabetic dogs and controls with respect to weight and sex. 6 hours after 
ation} P® administration the specific activities of liver phospholipide of the con- 
ed onf trol dogs ranged from 2.5 to 17 X 10-*, whereas in the diabetic dogs the 
| foilf range was 10 to 24 X 10°*. The relative specific activities are more uni- 
tape} form. The average relative specific activity for the first seven control 
eiger} dogs is 0.27, whereas the values for the corresponding diabetic dogs average 

0.51. Because of variations from dog to dog, an experiment was per- 
trac} formed in which phospholipide turnover in liver and plasma was measured 
fatty} in the same dog before and after pancreatectomy. 

ue a} After six male dogs of uniform weight (Dogs 27 to 32) were fed the 
) pe} meat-sucrose diet for 3 weeks, they were injected with 0.5 me. of P® intra- 

venously. 6 hours later Dogs 27, 28, 29, and 30 were depancreatized after 
ition} taking blood and liver samples. A mid-line abdominal incision was also 
usms} made in Dogs 31 and 32 for the removal of liver samples, but the pan- 
ant.} creases of these dogs were not removed. ‘Thus not only did each dog 
cent} serve as its own control, but Dogs 31 and 32 were considered to be controls 
con-} for any effects of radioactive phosphorus, previous surgery, and other un- 

nd if controlled variables. 4 weeks later diabetic dogs (Nos. 27, 28, and 29) 
iium} and controls (Dogs 31R and 32K) received a second P* injection,’ and 
olved *Mples were taken as before. 


mck? «Tt was found that only negligible amounts of radioactive phosphorus were 
present in the blood before the injection of the second dose of P”. In Tables | and 

. CFI, all figures obtained from this second injection of Dogs 31 and 32 are listed 
under Dogs 31R and 32R. 


| 
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The specific activity of liver phospholipide of Dogs 28 and 29 incre 
2- to 3-fold in the diabetic state. Dog 27 died on the 4th day after ir 
130- 


120- 


SPECIFIC ACTIVITY XI05 


HOURS 


Fic. 1. Semilogarithmic plot of the specific activity of plasma acid-soluble phe 


estims 
after 


phate against time. Each curve represents one or more dogs. Whenever severs! 
dogs showed essentially the same specific activity of plasma phosphate, the 
were averaged and represented by one curve. The numbers on the curves refer 
the dog numbers in Tables I and III. 


deprivation, 4 hours after the injection of P®. The specific activity 
liver phospholipide of Dog 27 at this 4 hour interval was already gre 
than that 6 hours after P* injection before pancreatectomy. It can | 
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i stimated that, if samples could have been obtained from Dog 27 6 hours 
E sfter P* injection, the specific activity of liver phospholipide would have 


een between 2 to 3 times that of its control value. In contrast, the 


Taste I 
Phospholipide Turnover in Liver 

Control dogs Diabetic dogs 

> 3 > 

: ; x 

x =x 

x : x 
hg. mg. kg. mg. 

| 10.8'F. 11.05} 5.46) 5.20) 22 |11/8.7|F. | 1.22] 21.4/17.5) 56 
| 7.71M.}1.08| 9.26] 8.57] 23 | 14| 7.1 1.22| 28.8 23.6] 57 
ss | 8.0“ | 1.12] 7.66 6.84) 15 | 15|8.0| “ | 1.08] 19.1 | 17.7] 64 
| 8.4 F./1.10| 13.3] 12.0! 26 | | 1.19 | 17.4/ 14.6} 32 
| 8.2M./ 1.31 | 19.1 4.6 41 | 1.02! 16.6| 16.2! 41 
13.2“ | 1.02] 2.58] 2.53) 13 |21/7.3|“ | 1.19) 14.8! 12.4! 51 
% 11.3 “ | 1.20! 20.1) 16.8!) 51 | 22) 9.6)“ | 1.32) 13.8| 10.5] 54 
n | 9.31“ 6. 8.88 a7 | 27§17.5| “ | 0.94] 10.5 | 11.2 
| 10.0 “ | 0.87] 4.98] 5.71) 18 $4)“ 11.12!) 13.9) 12.4! 33 
» | 9.1“ | 1.21) 4.75) 3.94 17 | 2048.0} “ | 0.85! 8.13) 9.57) 59 
» |12.3)“ | 1.28! 7.491 5.85) 30 
| 12.51 “ | 0.96] 8.671 9.00; 40 
2 | 10.5) “ | 1.22] 10.4! 8.52) 29 
13.0, “ | 1.20 | 10.4| 8.67) 24 
12.31“ | 0.88! 5.61] 6.40) 16 
Average... | 1.08 8.21! 26 1.13 50 
0.04 0. 3 0.05 4 


* Percentage of the injected radioactive phosphate in phospholipide per gm. of 
vet tissue. 
t Specific activity is the per cent of injected dose per mg. of phospholipide phos- 


$ Relative specific activity is the specific activity of phospholipide divided by 
the specific activity of acid-soluble plasma phosphate 6 hours after P™ injection. 

§ Dog 27 died 4 hours after injection of P*. This dog is not included in the 
average. 


specific activity of liver phospholipide of the control dogs (Nos. 31R and 


432R) was somewhat lower than at the first P®™ injection (Dogs 31 and 32). 


The differences between the average liver phospholipide specific activi- 
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ties and relative specific activities of the diabetic and the control anima: 
are statistically highly significant (¢ = 4 and 5, respectively; P < 0.1)! § pelat 

The conversion of plasma phosphate to liver phospholipide undoubted; 
occurs through a number of intermediate reactions. The possibility exis} 8. 
therefore, that the increase in the relative specific activity of liver pho} |... 
pholipide merely reflects an increase in the turnover of a phospholipik] fam 
precursor or an increased permeability of the liver cell to P™ rather than a} —— 
increased synthesis of liver phospholipides. Wis 

To investigate these possibilities, seven additional dogs were injectei 
with P® and 6 hours thereafter the liver was analyzed for radioactive an 
total phospholipide, inorganic phosphate, and organic acid-soluble pho: 
phate. If the increased specific activities of liver phospholipide in th 
diabetic dogs were entirely due to an increased permeability of the live 
cell to plasma (radioactive) phosphate, one would expect the ratio of 
specific activity of liver phospholipide to that of the acid-soluble 
phates of liver to be the same in the diabetic and control animals. If th 
increase in specific activity of liver phospholipide in the diabetic dogs wer 
due to an increased synthesis of a phospholipide precursor, one woul 
expect to find at least some increase in the specific activity of the fractio 
in which that precursor occurs, i.c., the organic acid-soluble phosphate ¢ 


liver. This would proportionally reduce the specific activity ratio of phos} >” 
pholipide to this phosphorus fraction. Table II shows, however, that the 

phospholipide specific activity divided by the specific activity of — 
inorganic phosphate, liver inorganic phosphate, or liver acid-soluble orf |, 


ganic phosphate is equally increased in the diabetic animals. 
Thus it must be assumed that diabetic dogs synthesize larger quantiti 
of liver phospholipide than normal control dogs. Since the liver phos 
pholipide concentrations of diabetic and control dogs are the same, 
increased phospholipide synthesis must be accompanied by an equal | 
crease in phospholipide breakdown. 
Plasma Phospholipide Turnover (Table I1I1)—In confirmation of Gibb 
and Chaikoff (1), the plasma phospholipide and total fatty acid concen- 
trations rose markedly while the animals were maintained on insulin with 
raw pancreas in their diet. The average phospholipide concentration 
the plasma of the control dogs was found to be 0.094 mg. of P®™ per ml. 
whereas the average for the diabetic dogs maintained with insulin 
0.15 mg. of P™ per ml. ‘Total fatty acids in the control dogs averaged 
m.eq. per liter, whereas in the insulin-treated diabetic dogs it was 16 
m.eq. per liter. When insulin was withdrawn, the average concentration 


| 


| 


5 Fisher’s values were calculated from 


N, + 2 NWN, 


q 


| 
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Taste II 
Relative Specific Activities of Liver Phospholipide in Dogs 6 Hours after Intravenous 
pa 


S.a., specific activity. 


16 | 21 38 32 50 

38 42 

38 32 87 
| 

Average 8 30 30 

Taste III 
Phospholipide Turnover in Plasma 
Control dogs Diabetic dogs 


me. mg. 
12 0.086 0.126 1.46 6.2 0.28) 11 | 0.188 0.882 4.42 | 0.25 
0.110, 0.216 | 1.97 | 5.3 0.23 4 | 0.129 1.06 | 8.22 2 0.35 
—s-0.100 0.002 0.92 2.0 0.13 15 0.141 0.716 5.08 0.28 
«0.107 0.170 1.50 4.8 0.13 19 | 6.176, 0.552 3.14 6.8 
4 0.067 0.248 3.70 11.0 0.25 | 20 0.131) 0.412 3.13 0.19 
% 0.095 0.017 0.50) 2.5 0.20) 21 | 0.089 0.446 5.00 0.40 
% | 0.072 0.164 2.28) 7.9 0.14 22 0.10 0.306 2.55 13 0.24 
| 0.080 0.149 1.67 | 5.5 0.19 | 0.226, 0.430 1.91 
0.105, 0.002 0.88 | 2.4 0.15) 2S 292 7.7 0.24 
0.078 0.030 0.39 0.10/29 | 0.173 0.316 0.19 
«0.089 0.056 0.63) 3.2 | 
0.107 «0.161 1.51 67 O17 
320.101 0.083 0.80) 2.7 0.00. 
0.000 1.12) 3.0) 0.13 | 
860.112 0.068 O6F 1.5 0.10 
Werage. 0.004 0.120 1.33 4.4 0.16 0.143 0.561 4.08 13.3 | 0.26 
Se. 622 07 Om 0.02 


* See foot note § to Table L. 
tSpecifie activity of plasma phospholipide divided by the specifie activity of 
iver phospholipide. 
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of phospholipide and total fatty acids changed little, but large individy 
variations in both directions were observed. This might be explained } 
differences in appetite. Gibbs and Chaikoff (1) found that, if raw pe 
creas was not present after withdrawal of the insulin, blood lipide eq. 
centrations would decrease rather than increase. Some of our anima 
had a particularly poor appetite after insulin was withdrawn or vomited 
shortly after they had eaten; this, of course, tended to prevent any effec: 
of the raw pancreas in their diet. 

As far as phospholipide synthesis is concerned, the same pattern we 
observed in plasma as in the liver. This is understandable, since the live 
is known to be the main, if not the only, source of plasma phospholipids 
(12). 

It should be noted that the specific activity of plasma phospholipide, « 
the ratio of this specific activity to that of plasma acid-soluble phosphate 
is not a very good index of plasma phospholipide turnover. It is possibk 
for example, that the conversion of P® to liver phospholipide would kk 
increased without increasing the release of liver phospholipide into 
plasma. In this case we would find an increased plasma phospholipi 
specific activity simply owing to the increased specific activity of the i 
mediate precursor, which is liver phospholipide. 

A better measure of the plasma phospholipide turnover rate can be ot 
tained by comparing the specific activity of plasma phospholipide wi 
that of its immediate precursor (13) (see Table III). 

The average values of these specific activity ratios in the control 
diabetic animals are 0.16 and 0.26, respectively. The difference betwee 
these numbers is highly significant statistically (¢ = 3.8; P = 0.1). 

Since the liver produces as well as utilizes the main portion of 5 
phospholipides (2), our findings indicate that in the diabetic dog withow 
insulin there is a more rapid exchange between liver and plasma phe 
pholipides than in the normal dog. By a different method Harper eal p . 
(14) also observed an increase in plasma phospholipide turnover in di 
betic dogs with high phospholipide levels, whereas Chaikoff et al. (lil g 
observed no change in the turnover rate in dogs in which the phospholipidé ties 
levels did not change significantly after insulin withdrawal. Barker ef @F over 


(16) reported that plasma phospholipide turnover is decreased in depart yo of 
creatized dogs maintained on insulin and an alipotropic diet, a régim{ Jp) 
which has been shown to produce low phospholipide levels (1). All thes diate 


* It might be noted here that the 6 hour specific activity ratio of plasma to li Il, ¢ 
is an indication of the percentage of the total circulating phospholipide which wa} phate 
turned over during the preceding 6 hours. The plasma phospholipide level in th paris 
diabetic animals was about 50 per cent greater than in control animals, and therefor to th 
the absolute rate of turnover in the plasma (mg. per hour) of the diabetic dog we 
increased more than is indicated by the specific activity ratios. 
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{ndings are in agreement with Balfour’s hypothesis that the plasma phos- 
pholipide turnover rate varies with the plasma phospholipide level (17). 

Phospholipide Synthesis in Other Tissues—Table IV shows the results 
obtained on small intestine, kidney, muscle, and brain. No differences 
were found between the concentrations of phospholipide in these tissues 
in the diabetic and the control groups. The specific activities of kidney 
and small intestine of the diabetic and control dogs were markedly differ- 
ent. These differences were statistically not quite as significant (¢ = 2.7; 
P = 2) as the differences between the relative specific activities (¢ = 4.2; 
P = 0.1). From these findings we might conclude that phospholipide 
metabolism in these two tissues is increased in the absence of insulin. 

The question as to whether diabetes causes any increase in the phos- 
pholipide turnover of muscle is more difficult to answer. The difference 


Taste IV 


Phospholipide Turnover in Dog Kidney, Small Intestine, Muscle, and Brain 
Phospholipide P ‘Specific activity 104 Relative specific activity 100 
Controls Diabetic Controls Diabetic: | Controle Diabetic 
per | per 
0.986 | 0.957 8.19 (12.3 +1 +3 
Small intestine. ...| 0.534 | 0.565 7.66 126 2 +3 |40 +3 
Saas 0.445 0.48 0.330 0.390 10 £01 | 18 £03 
2.35 0.1200 0.038) 0.31 + 0.05 


The specific activity and the relative specific activity are calculated as in Table I. 
between the average specific activities of diabetic and control dogs is 


fsmall. The difference between the average relative specific activities, 


even though greater, is, however, not significant statistically (¢ = 1.4; 
P = 5 to 20). 

The average specific activity of brain phospholipides of diabetic dogs is 
dightly less than that of the controls, whereas the relative specific activi- 
ties, which are thought to be a more reliable index of phospholipide turn- 
over, are identical. It seems safe to conclude that pancreateetomy has 
no effect on the phospholipide turnover of brain. 

In addition to comparing the turnover rates of tissue phospholipides in 


1 diabetic and control dogs, one could use the data presented in Tables I, 


III, and IV as a measure of the relative rates of conversion of blood phos- 
phate to phospholipides in different tissues of the same dog. Such a com- 
parison was made by Fishler ef al. (12) who found that the liver was two 
to three times as active in the conversion of blood phosphate to phospho- 
lipide as kidney or small intestine. In contrast to Fishler’s results we 
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found that the average relative specific activities of liver, kidney, and smajj foun 
intestine of the control animals were nearly equal; namely, 0.26, 0.4] synt 
and 0.21, respectively. must 

It might be noted here that relative specific activities of phospholipide| the | 
in different tissues are an index of the rates of conversion of blood phos| mals 
phate to tissue phospholipides, but they do not furnish a measure of th} 3. 
relative rates of phospholipide turnover in each tissue. It is quite po 
sible that in the brain cell phospholipides turn over more rapidly than i 
indicated by their relative specific activity, owing to the low permeability 


of the brain for (labeled) plasma phosphate (18). 
DISCUSSION 


There are a number of studies which have indicated that phospholipide 
play an active part in fat metabolism. In the choline-deficient dog, th! 4. ™ 
feeding of choline stimulates liver phospholipide turnover (11). This in 5. C 
crease of phospholipide turnover in a condition in which fat metabolism ® © 
is increased would be understandable if phospholipides were involved in 1 
the utilization of fats. Other evidence which might point to a possibl 
role of liver phospholipides in the preparation of triglycerides for oxidatio 9, k 
is the high iodine number of the fatty acids in liver phospholipide mol. 10. ¥ 
cules (19). Our finding that, in the absence of insulin, phospholipid "- 4 
turnover is particularly increased in liver, small intestine, and kidner ., » 
(tissues which are important in fat oxidation) is in striking agreement w 
findings of Artom et al. (20) who noted that a high fat diet stimule Z 
phospholipide synthesis in the liver, small intestine, and kidney of . | 
rat without affecting the phospholipide turnover of muscle and brain. » “4 
the present study we similarly did not find an increase in the phospholipide 5. C 
synthesis of the brain, a tissue which even in the diabetic animal is be 
lieved to oxidize no fat (21). 16. B 

Even though it is possible that the primary function of tissue phospho 1’. B 
lipides is of a non-metabolic nature, the finding of an increased phospho > 
lipide synthesis in the diabetic dog suggests that phospholipides are in- 4 , 
volved in the increased fat oxidation of this dog. 1. 


The authors are grateful to the Misses Crews, Schabel, and Culling 
for their assistance with the analyses. 


SUMMARY 


1. With the aid of P®, phospholipide synthesis in the liver, kidney. 
small intestine, muscle, and brain was compared in ten depancreatized and 
fifteen control dogs. 

2. In the diabetic dogs marked increases in phospholipide synthesis wer 


‘ 
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dsmaijfound in liver and plasma. Slightly smaller increases of phospholipide 
i, 0.2%} synthesis were also observed in small intestine and kidney. In skeletal 
muscle there was a questionable increase in phospholipide synthesis, and 
slipide| the rates of synthesis of brain phospholipide in diabetic and control ani- - 
| phos| mals were found to be identical. 

of th} 3. Evidence is presented which is compatible with the hypothesis that 
phospholipides are intermediates in fat oxidation. 
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PHOSPHATASES OF THE LIVER 
III. “NEUTRAL” PYROPHOSPHATASE 


By MARJORIE A. SWANSON 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake 
Forest College, Winston-Salem, North Carolina) 


(Received for publication, August 6, 1951) 


During an investigation of a “soluble ATPase’ in rat liver (1), it was 
observed that the ATPase did not appear to be a true hydrolytic enzyme. 
Since it was accompanied by a very active Pyro-Pase, a set of reactions 
which may be summarized in the following equations was suggested to 
secount for the ATPase activity. 


(l) ATP + acceptor — acceptor: A-5-MP + Pyro-P 
(2) Pyro-P + H,O — 2 ortho-P 


Reaction 1 represents the kind of reaction by which DPN and FAD have 
been shown to be formed (2). In order to investigate this hypothesis 
further, it was necessary to characterize the liver Pyro-Pase more com- 


pletely. 

Very little work has been reported on liver Pyro-Pases. In the pH range 
in. which we are interested, pH 6 to 8, Bamann and Gall (3) found one 
and Norberg (4) found two Pyro-Pases. At the present time it seems 
simpler to refer to all the activity between pH 6 and 8 as “neutral” Pyro- 
Pase and to postpone a discussion of how many enzymes really do exist. 


EXPERIMENTAL 


Most of the tests were performed on the fraction of liver proteins which 
precipitates between 0.5 and 0.67 saturation with (NH,4):SO,. The frac- 
tionation was conducted as described previously (1) except that solid 
NaHCO, was used instead of NH;, because a sharper separation was ob- 
tained at about pH 6.2 than above pH 8. The standard test system 
consisted of 0.001 m pyrophosphate and 0.02 m magnesium acetate in a 
final volume of 1 ml. and at a final pH of 7.4. A mixed acetate-maleate- 
glycine buffer, 0.1 m with respect to each component, was used. This 
buffer was tested in amounts ranging from 0.3 to 0.7 ml. in the final 1 ml. 
volume, and no difference was noted by varying the concentration of buffer 


' The following abbreviations will be used in order to conserve space: Pyro-P = 
pyrophosphate; ortho-P = orthophosphate; ATP = adenosinetriphosphate; A-5- 
MP = musele adenylie acid; DPN = diphosphopyridine nucleotide; FAD = flavin- 
adenine dinucleotide; AMG = acetate-maleate glycine buffer. 
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within these limits. Protein was determined by a quantitative modifies 
tion of the xanthoproteic reaction (5) and phosphate by the method ¢ 
Fiske and Subbarow (6). In the concentration used in the standard tee 
system, the Pyro-P did not interfere with development of the blue cole 
and contained no detectable ortho-P. Specific activity refers to the micro. 
moles of Pyro-P hydrolyzed per mg. of protein in 15 minutes at 37° in th 
standard system. 


Results 
Studies on Purified Enzyme 


Variations in Test System—The effect of variations in the Mg** concen. 
tration is shown in Fig. 1. The three curves represent results obtained 
with three protein preparations of different degrees of purity. If the figures 
are calculated as per cent of the maximum activity, essentially only one 
curve is obtained. The shape of this Mg** activation curve is the 
as that for erythrocyte Pyro-Pase (7). 

The effect of variation in Pyro-P concentration is shown in Fig. 2 
There is a clearly defined optimum at around 0.001 mM and complete inhibi 
tion at 0.02 m. It was estimated from progress curves that the enzyme ; 
half saturated at 2 X 10-° m Pyro-P, as indicated by the broken portion 
the curve. This value could not be determined directly because from 
than 10-* m Pyro-P there is not enough ortho-P available for accu 
determination even at 100 per cent hydrolysis. 

Variations in the activity of Pyro-Pase with changes in pH were 
ured in the presence of three different Mg** concentrations. After t 
incubation, the inorganic P and pH (glass electrode) were determined or 
aliquots of the same incubation mixture. The results are shown in Fig. 3 
With optimum concentration of Mgt*, the maximum activity is observ 
at pH 7.4. A higher concentration of Mg** shifts the optimum pH to 
ward the acid side, while a lower concentration of Mg** has the « 
effect. 

Effects of Time and Enzyme Concentration The rate of hydrolysis was 
kinetically of the first order (Table I). The amount of substrate hydro 
lyzed in a given time interval was proportional to the amount of enzyme 
added if the hydrolysis did not exceed 80 per cent (Table ID). With pur- 
fied enzyme the reaction will go to completion. Although the first 
reaction constant forms the most logical basis for a “unit” of engy 
activity, at the present time such a unit cannot easily be compared to t 
units in which other phosphatase activities are commonly expressed. In 
this paper the activities are expressed directly as the amount of Pyro? 
split in an arbitrary time interval (15 minutes). 

Inhilntors Wt has been demonstrated that Ca’? inhibits other Pyro 


Pa: 
twe 
ve 
puri 
frac 

| 

| 
002 
Mg 
obese 
omit 
| depe 


M. A. SWANSON 687 


Pases (7-10), and the inhibition is usually attributed to competition be- 


|. Ip 
vro-P 


Pyro 


tween Cat* and Mg** for the active site on the enzyme. The purified 
liver enzyme was tested in the presence of varying amounts of Ca** and 
z 
20}- 
3 
iS 
10 a 
10 
| 
—LOG mM mGtt -—LOG M PYRO-P 
Fig. 1 Fic. 2 


Fic. 1. Effect of magnesium concentration on pyrophosphatase activity. A, 
crude supernatant solution; @, @, fraction of soluble proteins at different levels of 
purification. 

Fic. 2. Effect of substrate concentration on pyrophosphatase activity. 
fraction of soluble proteins used as enzyme. Broken curve, half saturation. 


Purified 
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pH 


Fic. 3. Effect of pil on pyrophosphatase activity. @, Mg'' 002 @, 


002M; Mg** O.1 


Mg**. In Fig. 4 the results are expressed as the percentage of the activity 
observed in a control with the same amount of Mg'! but with Cat! 
omitted. At constant Pyro? coneentration (Curve A) the aetivity: is 
dependent only on the Ca’: Mgt! ratio, as found for yeast Pyro Pause (8). 
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However, when the Pyro-P concentration is increased, the relative effec] for 
of Ca** is also greater (Curve B). This suggests that the effect of Ca by 
is due to the formation of a Ca*++-Pyro-P complex which competes for tl pot 
enzyme with the Mg**-Pyro-P complex. 

The effect of F- is similar to that reported by Bauer (11) for yeast Pyn. 
Pase. When the Mg** concentration is 0.02 m or higher, the inhibition} 
dependent on the F~: Mg** ratio and all the data fall on one curve (Curs[ 
A, Fig. 5). However, when the Mg** concentration is decreased to 0.00] — 
m (Curve B) or when the Pyro-P concentration is increased to 0.005 yf — 
(Curve C) the effect of F- is diminished. These results suggest that ; 


Taste I 
Reaction Rate of Purified Liver P yrophosphatase 
The system contained 0.001 m Pyro-P, 0.02 wm Mg**, AMG buffer, final pH 74 
and 0.011 mg. of protein per ml. Temperature, 37°. A = first order reaction coo 
stant, calculated with logy. 


Time Per cent hydrolysis K x 10 

5 6.7 6.0 
10 12.0 5.6 x 

15 17.3 5.5 

20 21.5 5.2 
30 31.7 5.5 x 

45 44.6 5.6 
60 55.8 5.9 

90 75.3 6.2 
Mg**-F--Pyro-P complex is the actual inhibiting agent* and that when thy 


Pyro-P: Mg** ratio is increased the formation of the Mg-Pyro-P comple: 
is favored and the inhibitory complex is displaced from the enzyme. 
The effect of versene* was tested at several concentrations of Mg* 


Since it is a complex organic anion having a higher affinity than Pyro- c rn 


? Pyro-Pase is much more sensitive to fluoride than other phosphatases which ar Mg** 
supposed to be inhibited by fluoride, and even is more sensitive than enolase and @,M 
phosphoglucomutase. For the latter two enzymes it has been shown (12, 13) thatt Fy 
inhibition depends on the formation of an inactive Mg'*-F--phosphate compledA, & 
which displaces the Mg*t combined with the enzyme. The formula of Wa B, x, 


and Christian (12) when applied to our present results gives values for K which 
over many orders of magnitude. 

* Versene is a trade name for ethylenediaminetetraacetic acid. It was obtaine 
as the disodium salt, analytical reagent, through the courtesy of the Berswort 
Chemical Company, Framingham, Massachusetts. 
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» eflee] for divalent cations, it was thought that versene would inhibit Pyro-Pase 
f Ca] by Mg** depletion. As shown in Table III, very little inhibition was 
for th} noted until the versene concentration was equal to that of Mg**. Un- 


Pyro. Taste II 
ition ) Relation of Activity to Various Amounts of Purified Pyrophosphatase 
(Cury| Standard test system, 15 minutes at 37°. 


» 0.00, Protein per ml. Per cent hydrolysis hettey 
mg. per mg. protein 
that 1 0.091 96 10.1 
0.045 77 | 16.5 
0.023 36 15.3 
0.011 17 15.6 
pH 74 0.009 15 16.0 
od 100 F 
3 80 
z 
31 0 20 
en 4 i 
TLD. 3 2 5 4 3 2 
-LOoG ca**/~uc** — LOG F 
Mg* Fic. 4 Fia. 5 


Fic. 4. Effect of ratio on activity of purified pyrophosphatase. 
Curve A, X, Cat’ 0.005 or 0.0005, varied; O, Mg’’ 0.02 um, Cat’ varied; @, 
Mg** 0.008 A, 0.002 m; pyrophosphate concentration, 0.001 Curve B, 
ise and) @, Mg** 0.02 pyrophosphate 0.005 
hat t Fig. 5. Effeet of F-:Mg’* ratio on activity of purified pyrophosphatase. Curve 
ompled A, A, Mg** 0.1 @, Mg’! 0.05 @, Mg’! 0.02 pyrophosphate Curve 
B, X,Mg** 0.002 pyrophosphate 0.001 Curve C, O, Mgtt 0.02 m, pyrophos 
vary} phate 0.005 1. 


naineFexpectedly, the non-inhibitory concentrations of versene activated Pyro- 
swort Pase to a considerable extent. Since versene combines with heavy metals 
fen more readily than with Mgt', it seemed probable that the activation 
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could be due to protection of the enzyme from traces of heavy metals whic} get 
might be present in the distilled water. However, when three types ¢] et 
water, one redistilled from an all-glass still, one deionized with exchang 
resins, and one ordinary tap water, were used to make homogenates from 
samples of the same liver, ne significant differences in activity were note 
between the three homogenates (the activities were measured in the ab 
sence of versene). 

The Pyro-Pase was stable for many days at 0°, but lost most of its ae. 
tivity in 30 minutes at 37° without Pyro-P. Cysteine, 0.01 to 0.05 y 
and iodoacetate, 0.001 to 0.01 m, could prevent, but not reverse, this inae. 
tivation. A few experiments with substances which react with SH groups 


Tasie III 
Effect of Versene on Activity of Purified Pyrophosphatase 


Values given as micromoles of substrate split per mg. of protein in 15 minutes} 
at 37°. 0.001 Pyro-P; AMG buffer; final pH 7.4. 


Final concentration of Mg** 


Final concentration of versene 

0.002 0.01 | 0.02 F 

“ for 

0 | 8.7 11.8 13.6 sucr 
10-6 | 8.5 12.9 | 13.6 

10-5 8.2 13.0 13.1 | 

10-4 14.0 13.9 14.2 Dr 

10-3 19.0 17.1 15.5 

2x 10° 1.2 15 m 

5 xX 10-3 0.28 
10-2 0.0 11.2 17.4 


gave equivocal results. It does not seem worth while to discuss these re 
sults until the series can be extended by using a more highly purified en} _ 


zyme preparation. 


Studies on Crude Homogenate 


After the characteristics of the purified enzyme had been determined) ,, 
a few studies were carried out with crude liver homogenates. The opti} « 
mum concentrations of Pyro-P, Mg**, and H* were the same for the whol « 
homogenate as for the purified preparation. With 0.02 m Mg** at pli Reco 
7.4, 45 to 50 y of P were liberated by 1 mg. of tissue in 15 minutes, cor} “0 
responding to the hydrolysis of 700 to 800 um of substrate per gm. of tif , 
sue. In the presence of versene 0.001 m and Mg** 0.002 m at pH 7.4, th 
activity was 80 y of P per mg. of tissue in 15 minutes, or 1280 um of subj™Zy 
strate per gm. of tissue. the 

There were no significant differences in activity whether the homofut 
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‘whid| genate was made in water or in isotonic solutions of NaCl, KCl, or su- 
pes ¢} crose. Differential centrifugation of the homogenates showed that the 
rhang 100 PER CENT 
ine | 
notes 
he ab- 0.80 
its ae. 0.60 + 
groups 0.40 
4 
0.20 

ninutes 

05s LS 20 2.5 3.0 3.5 


MGM. TISSUE 
Fic. 6. Effect of tissue concentration on activity of pyrophosphatase in crude 
homogenates and supernatant solution cleared of particles. Various solutions used 
for making the homogenates; 4, distilled HO; @, NaCl 0.15 uw; @, KCI 0.15 um; X, 
) sucrose 0.25 m. Solid curve, whole homogenate; dash curve, supernatant solution. 


Taste IV 
, Distribution of Pyrophosphatase among Various Fractions of Liver Homogenate 


, Specific activities as micromoles of substrate hydrolyzed per mg. of protein in 
15 minutes; 3; standard test system. 


Homogenate in 


Home 
| 0.15 | 0.15 NaCl 
Preparation of fraction 
ese Te ifie Pet cent Perc Percent specie Percent Per cen 
Whole 3.22 100 100 3.8) 100 100 
Supernatant solution®. 06 «95.5 6.7) 57.8 
Ppt. 1, pH 5.4... 0.29 1.5 15.8 
mined. “ 2, 0.33 saturation, 0.73 1.5 6.3) 2.2 3.4 6.0 
3,0.50 164 5.1 2.6 7.4. 11.2 
oplti« « “ 44.0) 8.4) 22.0) 25.1) 8.9 
5 100 7.3 1.0 4.8 17.2) 19.7 4.6 
at pli) Recovery of activity and protein in frae- | | 
3, Cor tions (sum of Ppts. 1-5) | 45.0 55.6 30.7 
* After 20 minutes centrifugation at 3000 


of subdf“izyme was concentrated in the soluble proteins. 90 to 95 per cent of 
the activity of the whole homogenates was recovered in the supernatant 
ymo}Olution after removal of cells, nuclei, mitochondria, etc., by centrifuga- 
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tion at 3000 X g. In contrast to the more purified fraction, these crué 
preparations hydrolyzed not more than 70 per cent of the substrate, eve 
when an excess of enzyme was added (Fig. 6). Good proportionality be. 
tween activity and tissue concentration is observed with crude prepan. 
tions only when less than | mg. of tissue is used per ml. of digestin 
mixture. 

The largest part of the activity in the “soluble” proteins is recovers 
in the fractions precipitated by concentrations of (NH,)SO, greater tha 
0.5 saturation (Table IV). The nature of the solution in the homogeniz 
ing medium modifies the pattern of the fractionation to a considerabk 
degree. There is sharper separation of the fractions from KCl than froz 
NaCl solution, while in the presence of isotonic sucrose very little protez 
precipitates until the solution is nearly saturated with (NH4)SO,. Par 
of the loss in activity indicated in Table IV can be accounted for by th 
fact that, while reasonable care was used, no attempt was made to effec 


really quantitative transfers of solutions or precipitates. oe 
DISCUSSION T 
It is apparent that the so called soluble ATPase of the liver (1) “ 
sembles the Pyro-Pase in Mg** requirement, optimum pH, and inhibitic T 
by Cat+ and F-. Since the ATP used for substrate did not conta AT 
Pyro-P, the similarity between the properties of the two activities support 
the hypothesis that the soluble protein fraction of the liver contains 
system which liberates Pyro-P from ATP. The Pyro-Pase is so sensitiv§ , g 
to small changes in the concentrations of H*+, Mg**, and Ca** that 2 | 
rate of hydrolysis of Pyro-P during life could conceivably be controlled by 3 E 
variations in the concentrations of one or more of the three cations i} +> 
the cells. 
For experiments in vitro with washed particles it should be pointed ou} ; y 
that practically all the Pyro-Pase goes into the soluble proteins. Th §. E 
small amount remaining in the particulate fraction is probably due td % G 
erythrocytes and unruptured cells. 10. d 
Some of the results of the present investigation bear upon the questioy, 5 
of how many “neutral” or “alkaline” Pyro-Pases actually exist in the livet})) y 
The marked influence of Mg*t+ concentration on the exact value found), y 


for the optimum pH shows that the Mg** requirement and the optimu 
pH, measured separately, cannot be used for classification of Pyro-Pase 
In the test systems for these enzymes the bases (electron donors) inclu 
most of the proteins, the buffers, and the substrate itself. The electri 
acceptors include not only H*, but also ions like Mgtt and Cat*, 
hence the whole system is one of complicated competitive relationshi 
Without a detailed study of these relationships no definitive answer 
be given to the question of how many liver Pyro-Pases actually exist. 


r 
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e SUMMARY 


©, e@v@i The pyrophosphatase of rat liver homogenates which is active between 
ity be} oH 6 and 8 has been investigated. It is suggested that this activity be 
designated “neutral pyrophosphatase.” 
gestion! ~The optimum pH lies between pH 7 and 8, but the exact location of the 
peak can be shifted within this range by varying the Mg** concentration. 
The highest activity is measured at Mg** 0.02 m and pH 7.4. Versene 
(ethylenediaminetetraacetic acid) markedly activates the enzyme, simul- 
taneously reducing the Mg** requirement but not shifting the optimum 
oH. 
“| The enzyme is stable for many days at 0°, but is rapidly inactivated at 
37°. Cysteine and iodoacetate prevent, but cannot reverse, this in- 
activation. 

The inhibition by Ca**+ and F~ appears to be due to formation of in- 
active complexes which compete for the enzyme with Mg-pyrophosphate, 
the true substrate. 

The neutral pyrophosphatase is concentrated in the soluble proteins, 
from which it can be precipitated by (NH,).SO, in concentrations higher 
than 0.50 saturation. 

"| The possible relationship of the pyrophosphatase to the “soluble 
| ATPase”’ is discussed. 
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ANTIMETABOLITE ACTIVITY OF URIDINE AND CYTIDINE 
DERIVATIVES* 


By MARTIN ROBERTS ann DONALD W. VISSER 


From the Department of Biochemistry and Nutrition, School of Medicine, and the 
Laboratories of the Allan Hancock Foundation, University of Southern 
California, Los Angeles, California) 


(Received for publication, September 4, 1951) 


With the realization in 1940 (1) that structural analogues of a metabo- 
lite frequently prevent utilization of that metabolite, it became possible 
to develop antimetabolites which block specific biosynthetic pathways. 
By blocking various steps in a biosynthetic pathway, antimetabolites are 
weful for elucidating intermediary metabolism. It was the object of the 
present study to investigate the biosynthetic pathway of the pyrimidine 
moiety of pentose nucleic acid by the use of antimetabolites. 

Uridine and cytidine were chosen as structural models for the inhibitors. 
This choice was made because (a) 5-chlorouridine inhibits the growth re- 
sponse of Neurospora mutant strain 1298 produced by uridine or cytidine 
(2); (b) labeled uridine and cytidine are incorporated into tissue nucleic 
acid in the rat (3); (c) labeled uracil (4) and cytosine (5) are not incor- 
porated into tissue nucleic acid in rats; (d) Neurospora 1298 is a convenient 
test organism which requires uracil, uridine, or cytidine for growth (6). 

Effective use of inhibitors for studying intermediary reactions depends 
upon the availability of a sufficient number of specific antimetabolites. 
Therefore several pyrimidine nucleosides were synthesized and tested in 
the hope that one or more of these might vary in its ability to block enzy- 
matic reactions involved in nucleic acid metabolism. 

The compounds 5-methyluridine, 5-methyleytidine, 5-aminouridine, di- 
azouridine, 3-methyluridine, and 5-hydroxyuridine were tested for their 
effect on the growth of the wild type Neurospora and the growth response 
of Neurospora 1298 produced by uridine, cytidine, or uracil. The syn- 
thesis of these compounds will be reported elsewhere (7). 


EXPERIMENTAL 


Microbiological Studies—The substituted nucleosides were tested for 
th-promoting or growth-inhibiting properties with the pyrimidine- 


*Supported by a grant from the Research Corporation. This material was 
aken from a thesis presented by Martin Roberts to the Graduate School, University 
Southern California, in partial fulfilment of the requirements for the degree of 
tor of Philosophy. Presented in part at the Federation of American Societies 
or Experimental Biology, April, 1951. Contribution No. 297 from the Department 

Biochemistry and Nutrition. 
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requiring mutant and the wild type Neurospora with use of a modificatig 
(8) of the basal medium of Horowitz and Beadle (9). The mutant we 
incubated at 25° for 3 days and the wild type for 2 days in 50 ml. Erle. 
meyer flasks, each containing a total volume of 10 ml. of liquid mediyn 

The mutant was grown in the presence of a given amount of uraej 
uridine, or cytidine as the pyrimidine requirement and varying amount 
of the synthetic nucleosides. The wild type was grown in the presence ¢ 
varying amounts of synthetic nucleosides and, if growth was inhibited 
metabolites were added and the effect on growth determined. 

A compound which inhibited the growth of the mutant was investi. 
gated further to determine whether or not the inhibition was competitive 
Three criteria set forth by Hitchings et al. (10) were used: (a) constay 
submaximal growth at a constant ratio of inhibitor to metabolite at vary. 
ing concentrations of metabolite, (b) complete restoration of growth wit 
an excess of metabolite in the presence of inhibitor, (c) complete suppressic« 
of growth with an excess of antimetabolite in the presence of metabolite 


Results 


Neurospora 1298—Each synthetic nucleoside was assayed for growt 
promoting or growth-inhibiting properties in a basal medium containing 
suboptimal concentrations of either uridine, cytidine, or uracil (0.3, 0 
and 3.0 mg. respectively). Neither 5-methyluridine, 5-methyleytidin 
nor diazouridine will promote or inhibit the growth produced by any ¢ 
the pyrimidine substrates under these conditions. Both 5-chlorouridir 
and 5-methyluridine inhibit the growth stimulation produced by uridir 
or cytidine, but are not antimetabolites in amounts up to 12.0 mg. in th 
presence of uracil. 

To determine whether or not the inhibitions are competitive, metabolite 
and various amounts of inhibitor were added to the basal medium, 
the ratio of inhibitor (/) to substrate (S) was plotted versus the ratio « 
maximum growth to observed growth. <A typical graph obtained is show 
in Fig. 1. The intersection of the line drawn through these points ané 
the ordinate of 2.0 (50 per cent of the control growth) determined the it 
hibition index. Similar plots for varying substrate concentrations estab 
lished the constancy of growth at constant //S. Addition of exce 
metabolite or antimetabolite established conformity to the other t 


criteria (10). The data are summarized in Table I. With uridine of! 


cytidine as the metabolite, the growth inhibition is competitive in all case 
with the possible exception of 5-aminouridine in the presence of uridine 


Th 


In this case no attempt was made to satisfy the above criteria because @ ™8- ¢ 


the large amount of 5-aminouridine required. It is not possible to cot 
clude that the inhibition of growth produced by 5-aminouridine or 
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hydroxyuridine in the presence of uracil is competitive, because in both 
cases the growth varies at constant ratios of inhibitor to metabolite. 
Furthermore, addition of excess uracil in the presence of 5-aminouridine 
does not restore growth completely. 

From the ratio, 7/S, required for 50 per cent of maximal growth (Table 
1), the molar inhibition indices have been calculated and compiled in 
Table IJ. Although the antimetabolites are similar in structure, the in- 
hibition indices vary considerably, depending upon the inhibitor or the 
metabolite. For example, 5-chlorouridine is the most effective antime- 


2.8 


2.0F 


1.6F 


MAXIMUM GROWTH/OBSERVED GROWTH 


1.64. 


i i i i 


0.4 0.8 1.2 


MOLES INHIBITOR/MOLES METABOLITE 
Fic. 1. Inhibition of the growth of Neurospora 1298 produced by 5-hydroxyuridine 
in the presence of cytidine. Grown for 3 days in 10 ml. of medium at 25°. 


wi} tabolite in the presence of uridine, while in the presence of cytidine 3- 
 methyluridine is the most effective antimetabolite. 5-Aminouridine is the 
int Most effective antimetabolite in the presence of uracil, but is least effective 


in the presence of uridine or cytidine. 5-Hydroxyuridine retards the 


~@ growth stimulation produced by any of the three metabolites. It is inter- 


esting that the inhibition index is lower in the presence of cytidine than 
in the presence of uridine for each of the antimetabolites. ‘The ratios of 
these inhibition indices, however, are not constant. 

The addition of 6.0 mg. of 5-chlorouridine to a medium containing 6.0 


ise of ™. Of uracil and sufficient 5-aminouridine (3.0 mg.) to inhibit growth of 
, cong the mutant 50 per cent does not alter the growth. The growth stimulation 
or ®Produced by a mixture of uridine (0.3 mg.) and cytidine (0.3 mg.) is in- 
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hibited by 5-hydroxyuridine, in accordance with the inhibition indicgs§ gowt 
derived experimentally with a single metabolite and antimetabolite pai] upon 
Adenosine (11), 3-methyluridine, and 5-chlorouridine, which inhibit th{ 5-4 


Taste I 
Growth of Neurospora 1298 in Presence of Substrate and Inhibitor* ey 
Per 
Substrate Amount per | Inhibitor per} 
Uridine 0.6 5-Aminouridine 9 15 _ 
ws 0.6 5-Hydroxyuridine 2.4 40 | 
1.2 4.6 38 | 
“ 1.8 “ 6.8 
“ 1.8 “ 2.4 1.3 Ts 
“ 0.6 “ 3.0 5.0 0 : 
“ 0.6 3-Methyluridine 2.6 4.3 
“ 1.2 “ 4.9 4.1 
“ 1.8 “ 7.6 4.2 
“ 1.8 “ 2.6 1.6 109 
“ 0.6 “ 3.3 5.5 
Cytidine 0.6 5-Aminouridine 2.0 3.3 
“ 1.2 | “ 3.8 
“ 1s “ 5.8 3.2 PT 
“ a] “ 2.0 1.1 100 
“ 0.6 | “ 3.6 6.0 0 | 
“ 0.6 5-Hydroxyuridine 0.6 1.0 op Iti 
“ 1.2 | “ 1.18 | 0.98 5% inhibi 
“ 1s | “ 1.7 0.95 
“ ef “ 6 0.33 1 
| 0.6 “ | o7 | 2.2 
“ 0.6 3-Methyluridine 0.29 | 0.49 
12 | 06 | 05 |For e 
“ 1s | “ 0.5 50 tions 
“ 1.8 “ (03 0.17 100 preset 
“ 0.6 “ 0.66 0 | fect: 
Uracil 6.0 | | 3.0 | 05 
“ “ 5.4 0.6 
“ 12.0 “ 3.0 | 0.25 70 jthe ex 
6.0 48 § O8 0 tbe ten 
“ | 6.0 5-Hydroxyuridine 64, 09 | & 
“ «9.0 “ 9.0 1.0 ity 
“ 12.0 “ | 48 | 0.4 106 | 


* Grown for 3 days at 25° in 50 ml. Erlenmeyer flasks with a total volume of Mantim 
ml. of medium. 

t Calculated from growth inhibition curves similar to Fig. 1. J//S is thei 
tion index when the control growth is 50 per cent. 
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nies gowth of the mutant in the presence of uridine or cytidine, have no effect 
» par} upon the growth of the wild type Neurospora. 
it th} 5-Aminouridine (1.2 to 3.0 mg.) and 5-hydroxyuridine (3.0 mg.) inhibit 
the growth of the wild type in 2 days to approximately one-fourth and 
two-thirds of the control growth, respectively. Larger amounts of these 
antimetabolites produced no further inhibition of growth. Cytidine, uri- 
dine, or uracil restores growth to maximum in the presence of either 5- 
‘dine. 
Taste II 
Inhibition Indices ;* Neurospora 1298 


| | 


| 


— 


. Moles of antimetabolite per mole of metabolite giving 50 per cent of maximum 
h. 

t Inhibition is probably not competitive. 

DISCUSSION 


It is apparent that the synthesized pyrimidine nucleosides effectively 
inhibit the utilization of uridine, cytidine, or uracil by Neurospora 1298. 
It was somewhat unexpected that the substitution of one group for another 
in the same position would produce antimetabolites which differ consider- 
ably in their ability to inhibit the growth produced by these metabolites. 
For example 5-chlorouridine inhibits growth at relatively low concentra- 
tions with cytidine or uridine as the metabolite, but is ineffective in the 
presence of uracil; on the other hand 5-aminouridine inhibits growth more 
efectively in the presence of uracil than in the presence of uridine or cyti- 
dine. Several interesting interpretations may be proposed on the basis of 
the experimental data; however, the conclusions reached must necessarily 
be tentative, owing to the limitations of metabolite-antimetabolite studies 
applied to intact organisms. 

It would seem logical that uridine or cytidine is an intermediate in the 
ilization of uracil for nucleic acid biosynthesis in organisms which require 
il for growth. If this were the case, it would be expected that an 
timetabolite which blocks the utilization of uridine and cytidine would 
block the utilization of uracil. Since 5-chlorouridine or 3-methyluri- 
prevents uridine or cytidine utilization in Neurospora 1298 but does 
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not block uracil utilization, it is suggested that, in Neurospora, uridix 
and cytidine may not be intermediates in the utilization of uracil fg 
nucleic acid synthesis. Perhaps this explanation applies to the organi: 
studied by Merrifield and Dunn (12), which requires uracil in the mediuz 
but cannot utilize uridine or cytidine. 

Other evidence is suggestive of the possibility that uridine and cytidix 
are not normal metabolic intermediates on the pathway to nucleic acid 
the wild type Neurospora. Presumably 5-chlorouridine and 3-methylur. 
dine would block this pathway at the uridine or cytidine step. Since thee 
compounds are ineffective for inhibiting growth of the wild type News 
spora, uridine or cytidine may not be normal metabolic intermediate 
However, uridine or cytidine can be utilized by the wild type Neurospora, 
since these metabolites reverse the inhibition of growth produced by 5 
aminouridine. Uridine and cytidine may be metabolically comparable 
4(5)-amino-5(4)-imidazolecarboxamide which can be converted to nuclei 
acid but is not a normal intermediate (13) for nucleic acid synthesis. 

5-Aminouridine and 5-hydroxyuridine are the only inhibitors teste 
which block the utilization of uracil by Neurospora 1298. The fact that 
these inhibitors also inhibit the growth of the wild type Neurospora mar 
be interpreted to imply that uracil, or more likely some compound t 
which uracil is converted, is an intermediate in the nucleic acid biosyn. 
thetic pathway of the wild type Neurospora. The above data upon whid 
this interpretation is based are somewhat ambiguous, and further work is 
necessary to establish the mechanism of inhibition. It seems 
that 5-aminouridine and 5-hydroxyuridine may inhibit the growth of 
organisms, since these compounds are antimetabolites for the wild t 
Neurospora. 

Earlier evidence indicated that uridine and cytidine are not in 
vertible (2). This evidence is substantiated by the present experi 
with the antimetabolite 5-hydroxyuridine. The growth stimulation 
duced by the addition of uridine and cytidine as substrates is inhibi 
by 5-hydroxyuridine, in accordance with the inhibition indices deri 
experimentally from a single metabolite and antimetabolite pair. 


5 


Seen 


SUMMARY 


1. The substituted pyrimidine nucleosides, 5-aminouridine, 5-hydroxy 
uridine, 5-methyluridine, 5-methylcytidine, diazouridine, and 3-methylun 
dine, have been tested for their effects upon the growth of Neure 
mutant strain 1298 and the wild type Neurospora. 

2. 5-Methyluridine, 5-methyleytidine, or diazouridine neither stimul 
nor inhibit growth under any of the conditions tested. 

3. 3-Methyluridine, 5-hydroxyuridine, and 5-aminouridine competitivel 
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inhibit the growth stimulation of Neurospora 1298 produced by uridine or 


cytidine. 

4. 5-Hydroxyuridine and 5-aminouridine inhibit the growth of the mu- 
tant strain in the presence of uracil and also inhibit the growth of the 
wild type Neurospora. 

5. The inhibition data have been interpreted to suggest that uridine and 
cytidine may not be intermediates in the utilization of uracil by Neuro- 
spora 1298. The evidence also supports the possibility that uridine and 
ytidine may not be intermediates in the biosynthesis of nucleic acid 

in the wild type Neurospora. 

6. Further evidence indicating that uridine and cytidine are not inter- 
convertible in Neurospora 1298 has been provided. 
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PAPER CHROMATOGRAPHY OF CARDIAC GLYCOSIDES, 
AGLYCONES, AND ACETATES 


By ERICH HEFTMANN ano ALMA J. LEVANT 


From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, September 4, 1951) 


A timely and useful procedure for the separation and identification of 
aardiac glycosides and aglycones, based on the method of Zaffaroni et al. 
|, 2) for corticosteroids, has recently been described by Schindler and 
Reichstein (3). Separation was effected by descending partition chroma- 
tography, in which an organic solvent is allowed to run continually off a 
filter paper strip impregnated with an immiscible solvent. Owing to the 
low mobility of glycosides and aglycones in the benzene-formamide system, 
Schindler and Reichstein used mixtures of chloroform and benzene as the 
mobile phase. The mobility in the toluene-propylene glycol system is also 
low, but chloroform could not be’ used because it would make the two 
phases miscible. We have found that good resolution may be obtained 

ith either the benzene-formamide or the tdluene-propylene glycol system, 
{the developing time is increased. 

For the detection of cardiac glycosides and aglycones on filter paper, 

hindler and Reichstein recommended the Raymond reaction with m-dini- 
benzene and alkali (4). This method did not give consistently depend- 
ble results in our hands, owing partly to the fading of the spots and partly 

» the development of a dark background color. We have found Tollens’ 
agent and the trichloroacetic acid reaction of Svendsen and Jensen (5) 
0 give permanent and specific, and in some cases more sensitive, spot 
sts with the compounds under study. 

The present communication furnishes data on the relative mobility in 
he benzene-formamide and toluene-propylene glycol systems and the sensi- 
ivity to Tollens’ and to trichloroacetic acid reagents of a series of cardiac 
lycosides, aglycones, and acetates, most of which have not hitherto been 
ibjected to partition chromatography. Some correlation is attempted 
tween structure and chromatographic behavior. 


EXPERIMENTAL 


Apparatus— 
Filter paper. Whatman No. |, in sheets 18} X 22} inches. 


Ultramicro pipettes. Sizes from 10 to 100 yl.' 
‘Alfred Bicknell Associates, Cambridge, Massachusetts. 
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Chromatographic cabinet. Chromatocab model B-300,? a thermally} 
sulated and gas-tight cabinet; inside dimensions 274 K 194 X 26 inch 
high. The cabinet was improved by insertion of a monel tray, 17 x 2 
X 1} inches high, in the bottom and suspending a sheet of filter paper « applie 
each inside wall so as to dip into the tray, filled with benzene or toluen} jour 
Solvent troughs were made of monel, 264 14 X 2} inches deep. Thek pipe. 
was made gas-tight with a gasket, cut from a sponge rubber sheet, } ind] jpeir ; 


thick. od, 
Chromatography clips. Stainless steel clips for holding paper sheets a] jp. pa 
glass rods.” as con 


Dipping trays. Monel, 20 <X 25 X 1 inch deep. 
Ultraviolet lamp. Mineralight model SL-2537 short wave,’ a source 
2537 A radiation. 


Formamide. Eastman, No. P565,‘ shaken with dry, powdered pots} 1, 19; 
sium carbonate for 15 minutes, filtered, vacuum-distilled in all-glass apps} for 39 
ratus, then stored in a desiccator over concentrated sulfuric acid (3). | tgneor 


Propylene glycol. Eastman, No. 1321.‘ water 
Benzene. C.p. Baker’s Analyzed. After : 
Toluene. C.p. Baker’s Analyzed. in a dd 


Tollens’ reagent. Mix 100 ml. of 0.1 N silver nitrate, 5 ml. of concer} the y] 
trated ammonium hydroxide, and 50 ml. of 10 per cent sodium hydroxid} yith I 
shortly before use (1). 

Fixing bath. Dissolve 25 gm. of NagS:O; and 15 gm. of KAI(SO,),- 


12H.O in 1.5 liters of distilled water. Tab 
Trichloroacetic acid. A 25 per cent solution of trichloroacetic acid, ep! ote 
in chloroform, ¢.p. (5). 


Procedure 


All work was carried out in an air-conditioned room at 26 + 2°. 
zene was first shaken, then allowed to stand with formamide, and 


and in the troughs for descending development of the chromatograms. 
starting line was ruled with pencil 15 em. from the shorter edge of 
filter paper sheets, which were impregnated by dipping in a tray containi 
the lower phase. The treated sheets were blotted between dry filter 
with a photographic print roller and placed on glass plates with the 
lines raised between two glass rods. 

? University Apparatus Company, Berkeley, California. 

? Ultra-Violet Products, Inc., South Pasadena, California. 

* Kastman Kodak Company, Rochester, New York. tender 


d 
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in the 

Reagents— trichI 
accuré 

Bec} impres 
with propylene glycol, in separatory funnels for at least 1 day prior to us} lens’ r 
The supernatant phase was used in the bottom tray of the “‘chromatocab| and re 
to saturate the atmosphere in the chamber for at least | day prior to us acid g 
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ly} All samples were weighed to +1 y and dissolved in absolute ethanol, 
nebe ep., to make solutions of | y per wl. The solutions were stored at +4° 
X 21 snd brought to room temperature before measuring. The samples were 
eri spplied on the line, about 5 cm. apart, by alternately delivering small 
ue? smounts of solution from a micro pipette and compressed air from a blow- 
he i pipe. The sheets were then hung in the chromatographic cabinet with 
‘Intel their shorter edge weighted down in the solvent trough by a heavy glass 
rod. Glass rods fitted above the edge of the solvent troughs supported 
ts af the paper 10 cm. from the shorter edge, preventing siphoning and serving 
as convenient paper hangers (with chromatography slips) during drying 
and spraying. ‘The troughs were then filled with the supernatant phase. 
cecil After completion of the development, the sheets were dried overnight 
in the hood over a hot-plate, then sprayed with either Tollens’ reagent or 
trichloroacetic acid solution. Tollens’ reagent was allowed to react for 5 
otf to 10 minutes, and then the sheets were placed in a tray of fixing solution 
PP} for 30 minutes. The fixing bath removed any background color and simul- 
taneously hardened the sheets. The paper was then rinsed in running 
water for 30 minutes and finally hung up to dry at room temperature. 
After spraying with trichloroacetic acid solution, the sheets were hung up 
in a drying oven at 100° for 20 minutes, then inspected in the dark under 
ual the ultraviolet lamp, and the location of the fluorescent spots outlined 
with pencil. 
Results 


Table I gives the limits of detection for a series of cardiac glycosides, 
cp aglycones, and acetates in spot tests with Tollens’ reagent and with tri- 
chloroacetic acid. The sensitivity of the tests was determined by applying 
accurately measured standard solutions of the compounds to filter paper 
impregnated with formamide, drying the paper, and then, without chroma- 
tographing, spraying it with the reagents, etc., as described above. Tol- 
us! lens’ reagent gave black or dark brown spots after use of benzene-formamide 
ab! and reddish brown spots after toluene-propylene glycol. Trichloroacetic 
acid gave either yellow or green spots, which turned brown on prolonged 
heating, and were visible in daylight and fluorescing around the edges in 
ultraviolet light, or spots invisible in daylight but fluorescing brightly in 
ultraviolet light. The spots were never larger, and in some cases were 
smaller, than the original spot of the sample. In many instances it was 
noted that the spots had migrated several mm. toward the edge of the 
paper during drying. In actual chromatograms this also happened some- 
times. The sensitivity of the spot tests was decreased after the spots had 
traveled some distance, owing to diffusion. The acetates had a stronger 
tendency to spread than the corresponding aglycones and glycosides. After 
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toluene-propylene glycol chromatography the spots were better define! ya 
than after benzene-formamide. re 


The mobilities of the glycosides, aglycones, and acetates are given pp tand 
Table II. Distances were measured from the starting points to the center ar 


Tasie I wise 
Sensitivity of Spot Tests for Cardiac Glycosides, Aglycones, and Acetates nearer 
The figures are the smallest quantity detected. 


| | Trichloroacetic acid Mobilit. 


Substance _Tollens Visible light Ultraviolet light A 


7 7 7 
5 10 1 Pink 

Alloperiplogenin acetate........ 5 10 | 
| 5 Yellow Yellow 

Alloemicymarin................ 2 | 10 

5 Green ! “ 

| | | Gren | 0.5; “ 

acetate | 20 | 
Sarmentoside A. . | 10 | 10 The f 
Sarveroside . | 5 5 Green 2 ples. 
Reichstein's Compound 762 10120 tests W 

“ | 2 | 20 | Reddish uncerts 

and spt 


of the spots. Second spots, in parentheses, indicate impurities in the sam-[jine an 
ples. The reproducibility of the values depends on rigid duplication o} plyent 
experimental conditions. Several factors influence the rate of movement.) mobjlit 

(1) Temperature changes affect the mutual solubility of solvents and | 
the partition coefficient of solutes. (2) Commercial 99 per cent formamide 
gave lower values than the practical grade used in this study, even though) The 
both had been distilled and stored over concentrated sulfuric acid. (3 
The excess solvent should always be blotted off in the same manner (2). 


Amount Color Amount Fluorescence 
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(4) If the bottom edge of the paper is cut into a leading wedge, the flow 
of mobile solvent is accelerated. We have found it advisable to omit the 
wedge, since it diminishes the reproducibility of results. Also, it was 
found that cutting the paper into lanes (1, 2) is unnecessary with cardiac 
dycosides and aglycones, as they have very little tendency toward side- 
wise diffusion. Moreover, the mobility of the same compound was less the 
nearer its lane was to the edge of the sheet. The sensitivity of the spot 


Taste II 
Mobility of Cardiac Glycosides, Aglycones, and Acetates in Paper Chromatograms 
The figures are the distance traveled in em. 


| Benzene-formamide Toluene-propylene glycol 
Substance | 
| 24 hrs. 48 hrs. 24 hrs. | 48 brs. 
Mlloperiplogenin acetate ....... 15.0 32.0 «6.6 
Mloperiplocymarin. ........... 11.8 28.9 | 2.5 7.1 
16.2 38.9 3.8 10.0 
Emieymarin........ 0.8 1.1 0.7 3.0 
Strophanthidol... 2.0 2.6 0.6 1.4 
- acetate 8.3 15.8 4.7 | 12.0 
Strophanthidin 6.1 2.8 (0.3) | 7.1 (2.0) 
Cymarin. 4.0 (2.0) | 6.2 (2.0) | 2.0 (0.5) 5.1 
“  acetate.. 15.1 | 
Sarmentoecymarin | | 3.3 4.1 0.8 
Sarmentogenin. ..... | 2.5 2.5 1.0 2.0 
acetate 15.5 
Sarmentoside A 2.3 0.7 


The Ggures in parentheses were second spots and indicate impurities in the sam- 


ples. 


tests was much diminished and the position of the spots became quite 
uncertain when lanes were used, because the samples tended to collect 
ind spread out along the edges of the paper. (5) Distance of the starting 
line and anti-siphon rod from the edge of the paper. (6) Amount of 
wlvent in the trough (2). (7) Lining the cabinet was found to lower the 


‘mobility slightly. 


DISCUSSION 


The cardiac aglycones, containing an a,8-unsaturated lactone ring, re- 
Ag(NH3)2* in alkaline medium. The trichloroacetic acid test has 
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less structural specificity. Steroidal sapogenins also give this test. Cog. 
pounds which fluoresce at lower concentration show colored spots in visibk 
light when higher concentrations are used. The difference in color ay 
sensitivity may furnish additional information for the identification ¢ 
unknowns. There is also a difference in the heating time required to bring 
out the color or fluorescence after trichloroacetic acid treatment, whid 
seems to be characteristic for individual compounds. 

As with corticosteroids (1, 2), the compounds in our series moved faste 
in benzene-formamide than in the toluene-propylene glycol system. Als 
in agreement with previous observations, in homologous compounds the 
rate of movement decreased in the order RCH; > RCHO > RCHOH 
Thus, periplocymarin (periplogenin cymaroside), carrying a —CH, grow 
on C-10, moved faster than cymarin (strophanthidin cymaroside), differing 
from it structurally only by the —CHO group on C-10; and cymarol (stro 
phanthidol cymaroside), with a —CH,OH group on C-10, was the slowest. 
When a hydroxyl group was esterified or replaced by hydrogen, the mo 
bility increased. Thus, all acetates moved faster than the correspondiny 
alcohols, and the cymarosides were more mobile than the corresponding 


digitalosides (cf. periplocymarin versus emicymarin and alloperiplocymar:] | 


versus alloemicymarin). Cymarose is a 2-desoxy-3-methoxymethylpe: 
tose, while digitalose is a 3-methoxymethylpentose. As pointed out by 


Schindler and Reichstein (3), many monoglycosides moved more rapidly} ¢ 


than the corresponding aglycones (cf. periplocymarin versus periplogeni 
and sarmentocymarin versus sarmentogenin). Emicymarin (periplogeni 
digitaloside), having one hydroxyl group more than periplocymarin, mov 
more slowly than periplogenin in the benzene-formamide system and # 
nearly equal speed in toluene-propylene glycol. 

It is worth noting that the mobility of allocompounds was different f 
that of the corresponding compounds with normal configuration at Cl 
(cf. alloperiplogenin acetate versus periplogenin acetate, alloperiplocy 
versus periplocymarin, alloemicymarin versus emicymarin). The sepam 
tion of geometric isomers of steroids by paper chromatography has alk 
been demonstrated by Burton et al. (2) (A*-pregnene-17, ,20 ,21-triol-3-oe 
from A‘-pregnene-17a ,20 ,21-triol-3-one) and by Heftmann (6) (estradio 


178 from estradiol-17a). 

While the order in which the compounds under study moved in a giv 
solvent system was always the same, variations in the distance traveled b 
any one compound were observed in chromatograms run at different ti 
in spite of all efforts to duplicate experimental conditions as closely 
possible. For the comparison of known compounds with unknown 


* Heftmann, and Levant, A. J., unpublished data. 
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ples, it was found advisable to run known and unknown compounds not 
aly side by side, but also in mixed chromatograms. 


SUMMARY 


Spot tests for the detection of cardiac glycosides, aglycones, and their 
wetates, suitable for paper chromatography, have been described. The 
tests utilize the reduction of Tollens’ reagent and the production of a 
fuorescent or colored spot by heating with trichloroacetic acid. Data are 
given for the sensitivity of the spot tests and for the mobility on paper 
chromatograms of a series of compounds in the benzene-formamide and 


toluene-propylene glycol systems. 


The authors gratefully acknowledge the advice and criticism of Dr. 
Erich Mosettig throughout the course of this work. The samples were 
available through the generosity of Professor T. Reichstein. 
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A STUDY OF THE RELATION BETWEEN FOLIC ACID AND 
TISSUE ASCORBIC ACID* 


By MORTON A. SCHWARTZ anv J. N. WILLIAMS, Jr. 


‘From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
M , Wisconsin) 


(Received for publication, September 21, 1951) 


Many instances of a close relationship between folic acid and ascorbic 
acid have been reported in the literature. Johnson and Dana (1) have 
shown that ascorbic acid relieves many of the abnormalities noted in a 
folie acid deficiency syndrome. Woodruff and Darby (2) have reported 
that folic acid aids in correcting the abnormal tyrosine metabolism of the 
sorbutic guinea pig. Nichol and Welch (3, 4) observed that ascorbic acid 
stimulates the conversion of folic acid by rat liver slices to an essential 
growth factor for Leuconostoc citrovorum. Recently, Williams (5, 6) has 
reported that the lowered choline oxidase activity of the livers of rats fed 
aminopterin is stimulated in vitro by the addition of ascorbic acid. It has 
also been shown by Williams (7) that the ascorbic acid content of the rat 
liver is decreased markedly by dietary aminopterin. It was suggested that 
folie acid or the L. citrovorum factor (LCF) is possibly involved in the 
maintenance of ascorbic acid in the rat. 

In the present studies we have investigated this problem further by 
studying the effect of an aminopterin-induced folic acid deficiency upon 
| the level of ascorbic acid in rat liver and the possible reversal of this effect 
by supplementing the animals with various levels of folic acid and syn- 
thetic LCF. If such a reversal could be effected, the direct involvement 
of folic acid (or LCF) in the maintenance of tissue ascorbic acid could be 
demonstrated, although the lack of a reversal by folic acid or LCF would 
not rule out this possibility, since the utilization of both substances might 
be inhibited by dietary aminopterin (4, 8). 


EXPERIMENTAL 


Male, 225 to 250 gm. rats of the Holtzman strain were used as experi- 
mental animals. ‘The basal ration consisted of 18 per cent casein (Labco), 
4 per cent Salts IV (9), 2 per cent vitamin mix (10), 5 per cent corn oil, 
and 71 per cent sucrose. A number of rats were placed on this diet, while 


"Published with the approval of the Director of the Wisconsin Agricultural Ex- 
nt Station. Supported in part by a grant from the Research Committee of 
he Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
ion, 
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others were given the same ration to which aminopterin' was added. Ty 
aminopterin was included in the vitamin mix, so that 100 gm. of vitam 
mix contained 20 mg. of aminopterin. Within about 10 days the rats « as a 
the aminopterin ration showed the typical deficiency syndrome. _Porphy. sentet 
rin appeared around the eyes and nose, diarrhea was evident, and th shich 
animals became inactive. When diarrhea or porphyrin secretion appeard sight! 
the rats were separated into five groups. The rats receiving the bag tl!) | 
ration without aminopterin were divided into two groups at the same tim seme 
Thus there were seven groups in all, five deficient and two normal. VI). 
The two normal groups were treated as follows: Group I received th LCF 
basal ration and served as a normal control; Group IT was supplement. r 
with 200 y of folic acid per rat per day for 3 days (after about 10 days« 
the basal ration) in order to observe whether higher levels of the vitam: 
over that included in the basal ration had any effect on the liver ascorbe}ifect 
acid level. The five deficient groups were treated as follows: Group Il} 
was sacrificed without supplementation 3 days after the first deficieng] 
symptoms appeared and served as a negative control; Group IV was sq 
plemented with 60 y of folic acid per rat per day; Group V was supy 


ary 


mented with 60 y of LCF per rat per day; Group VI was supplemente] | 
with 500 y of folic acid per rat per day; and Group VII was supplemente) I 
with 500 y of LCF per rat per day. In every case the supplementatio |! 
were given for 3 days after the first deficiency symptoms appeared an . 
were administered by intraperitoneal injections of a water solution of folf yy, 


acid or LCF. At the end of the supplementation period the rats wey yi 
sacrificed by decapitation, and the ascorbic acid content of the livers wp—— 
determined by the method of Roe and Oesterling (11) as modified 4 °™ 
Bolomey and Kemmerer (12) and Bolin and Book (13). 


RESULTS AND DISCUSSION 


The results of the ascorbic acid analyses are presented in Table I. 
method of analysis differentiates between ascorbic acid and dehydre 
corbic acid, but, since the dehydroascorbic acid was always present Happ 
negligible amounts, only the values for ascorbic acid are reported in Tab4 Pars 
I. Because of the high mortality of all the groups fed aminopterin, beaming 
supplemented and unsupplemented, the experiment was set up sevetiments 
times in order to obtain enough surviving rats for significant averagefof the 
Therefore, the results in the figures are actually the results for sevetitdied d 
complete feeding experiments. From Table [ it can be observed that dplayed 


' The authors wish to thank Dr. J. J. Oleson and Dr. W. L. Williams of Lee red | 
Laboratories Division, American Cyanamid Company, Pearl River, New York, ! In a 
the generous supplies of aminopterin and synthetic L. eftroverum factor, respeffot abl 
tively. 
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, Tel wy aminopterin lowers the rat liver ascorbic acid level very markedly 
Mame} -ompare Groups I and III). Also it can be seen that, when the normal 
‘ats « ts are supplemented with excess folic acid, no change in the ascorbic acid 

sontent of the livers occurred. The value for ascorbic acid of the animals 
nd th hich received the supplement of 60 of folic acid (Group IV) is only 
earet ightly higher than the value obtained with the negative controls (Group 
baat), The same observation holds true for those animals which were sup- 
* time I lemented with 500 + of folic acid (Group VI) and 500 7 of LCF (Group 

\II). The ascorbic acid content of those animals which received 60 y of 
ed th CF was slightly below the value for the ascorbic acid content of the livers 
w® lof the negative controls (compare Groups V and III). Although the stand- 


AVS 
itame Taste | 
of Aminoplerin and Supplements of Folic Acid and LCF on Rat Liver Ascorbic 
Acid 

me No. of Ration | | Accechie acid 
— | | per gm. 
| Basal | 275 + lif 
ente) 8 200 folie acid | 268 + 8 
ation ‘+ aminopterin 165 + 4 
d IV 7 60 + folie acid 184 + 12 

“+ “ 60 LCF 
wee VI | = | 500 LCF 1s + 9 
ad | * The supplements were given after the first deficiency symptoms appeared. 


| {Standard error of the mean. 

j errors of the ascorbic acid determinations in all groups are relatively 
nall, it is believed that the differences in Groups III to VII are not sig- 
nificant. In any event, Table I clearly shows that the different levels of 


lrosfiolie acid and LCF did not increase the liver ascorbic acid to any value 
nt Happroaching normal. 
aM Parallel with the failure of the supplements to reverse the action of 


_ boFaminopterin on rat liver ascorbic acid content was the failure of the supple- 
-verments to enable the rats to recover from the folie acid deficiency. Many 
gol the animals of the groups treated with aminopterin supplementation 
verted during the 3 day supplementation period. These animals still dis- 
t dplayed symptoms of folie acid deficiency, as did those animals which sur- 
vived the supplementation period, and were sacrificed. 

In agreement with other workers (4, 14, 15), high levels of folie acid are 
it able to reverse the toxic action of aminopterin. The rats in the present 
xperiments were getting a maximum of 40 y of aminopterin per day. 


rk, 
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This implies that they received about 400 y of aminopterin before 


supplementation began (assuming an average of 10 gm. of ration was ¢ } sT: 


sumed per rat per day for 10 days). Therefore, upon administering 50) 
of LCF a day, the maximum initial LCF to aminopterin ratio was gres 
than 1:1. Nichol and Welch (4) reported a restoration of growth with 
a few days when LCF and aminopterin were given simultaneously ip 
ratio of roughly 1:1 at a 25 y level to rats kept for about 6 weeks on a fe 
acid-free ration. From a comparison of these results and those preser 
here, it appears that in an aminopterin-induced folic acid deficiency the: 
is an increased resistance to the reversal of the deficiency by LCF. LO 
fed from the beginning with the aminopterin in a ratio of 1:1, may preve: 
aminopterin toxicity, but it cannot overcome the effects of aminop 
once the aminopterin-induced deficiency has reached an advanced st 
as shown in these experiments. 


SUMMARY 


1. Dietary aminopterin markedly reduces the ascorbic acid content ¢ 
rat liver. 

2. Leuconostoc citrovorum factor and folic acid at levels of 60 y pern 
per day and 500 y per rat per day have little effect on the low ascorbic ac 
levels of rat liver induced by feeding aminopterin once the deficie 
symptoms have developed. 

3. These levels of folic acid and LCF are also unable to overcome t 
folic acid deficiency syndrome induced by aminopterin as measured t 
appearance and mortality, once the symptoms of the deficiency have 


peared. 
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The present studies were conducted to obtain information on the stability 
optent of certain enzyme systems during storage of intact muscle tissue at 2°. 
| stag] This information, as well as measurements of certain substrates in these 

tissues, would be of importance in evaluating whether the stability of 
specific enzyme systems or a lack of available substrates is the limiting 
factor in the metabolism of muscle after the animal is killed. Preliminary 
tent ¢ studies (1) indicated that the adenosinetriphosphatase system in rat and 
beef muscle is quite stable during storage of the intact muscle tissues at 
per -2° or +5°. 
These studies have been extended with adenosinetriphosphatase, suc- 
ent cinic dehydrogenase, the glycolytic enzyme system, and to the specific 
glycolytic enzyme, aldolase. In addition, data have been obtained on the 
ne “4 sgivcogen and lactate content of the muscles after specific periods of storage. 
red f (ther studies were conducted to evaluate methods for homogenizing the 
ve a tissues prior to the enzyme tests, since earlier studies showed that the 
adenosinetriphosphatase and succinic dehydrogenase activity of muscle was 
markedly influenced by the length of time used for homogenization of the 
tissue (1, 2). 


EXPERIMENTAL 


(199 ©Methods—Adenosinetriphosphatase activity of muscle was determined by 
the method of DuBois and Potter (3) after homogenization of the tissues 
as described earlier (1). 

Suecinie dehydrogenase was determined manometrically as described by 
Schneider and Potter (3, 4) after homogenization of the tissue for 1 minute 
ina Waring blendor (2). 

Aldolase was determined by the method of Sibley and Lehninger (5). 
Glyeolytic enzyme activity was measured by the method of Stoesz and 

* This work was supported in part by a contract with the Production and Mar- 
keting Administration, United States Department of Agriculture, under the Re- 


(198f Search and Marketing Act. 
951).) Journal Paper No. 44, American Meat Institute Foundation. 
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LePage (3, 6) with 0.006 m hexose diphosphate as substrate. The lactate} susek 
present before and after incubation of the tissue without added substrate } 4. sts 


was determined (3). and all 
Glycogen was determined by the methods of Good et al. (7) and Shafie [pple 
and Somogyi (8). s 


Effect of Method of Homogenization—Since previous studies showed tha ] ree 
the succinic dehydrogenase activity was reduced when the time of home 
genization of beef or rat muscle in a Waring blendor was increased from | 
minute to 2 or 5 minutes (2), comparable studies were carried out wih] 
the glycolytic and aldolase systems. Representative data obtained fe 
several samples of beef muscle (Table 1) show that the activity of th] 22. 
glycolytic enzyme system was at least as high when the samples wen} 

sty 
0 
2 
4 


Tasie I 
Effect of Method of Homogenization on Activity of Beef Muscle 
Glycolytic activity® | Aldolase activity? 

| Hand- 1 mia | 2 min mis. 
imin, | 2min. | | | 
344 326 331 | 7.0 | 6.8 13.7 ) 

325 343 375 9.4 10.9 14.3 
505 419 465 | 339 123 | 12.9 13.9 Ppt 
288 238 “an | 


* Micrograms of lactate produced per mg. of wet weight of tissue per 40 minute 
t Mg. of triose produced per mg. of wet weight of tissue per 30 minutes. 


homogenized in the Waring blendor for 1 minute as when longer homoge 
zation periods, hand homogenization, or sand grinding was used. 
In contrast to these data, the aldolase activity was increased as th} | 
homogenization time with the Waring blendor was increased from | to) +M 
minutes. Separate tests showed that the aldolase activity of muscle tisse tained 
obtained after homogenization in the Waring blendor for 5 minutes we ara 
comparable to that obtained after homogenization with the hand home The 
genizer (i.c., 19.2 as compared to 21.4 mg. of triose were produced per mg 
of wet weight of rat muscle per 30 minutes). In subsequent studies | 
therefore, the succinic dehydrogenase and glycolytic enzyme activities W 9, 
determined after homogenization of the samples in a Waring blendor f half of 
1 minute, and the adenosinetriphosphatase and aldolase activities w 
determined after homogenization in the Waring blendor for 5 minute 
As in previous work (1, 2) 5 to 10 gm. samples of muscle were used to durin, 
homogeneity of sampling. 
Effect of Storage on Enzyme Activity—The effect of storing intact colysi 


in act 
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guscle (longissimus dorsi and semitendinosus) at 2° for 0, 2, or 4 weeks on 
the stability of the adenosinetriphosphatase system, succinic dehydrogenase, 
snd aldolase is presented in Table II, and of glycolytic enzyme activity in 
Table III. Although several additional samples were studied before and 
gter storage at either 2 or 4 weeks, only those that were available for all 
three storage periods are included in these tabulations. The results ob- 


Taare Il 
Effect of Storage on Enzyme Activity | of Beef Muscle® 


7.0 (47) 7.2 (16) | 160 (12) 146 (4) 19.9 (9) 16.7 (3) 
7.2 (47) 7.5 (16) 1587 (12) 14 (4) (9) 11.2 (3) 
| 7.0.47) | 7.8 (16) | 188 (12) | 149 (4) (9) 10.0 (3) 

* The number of ‘samples is ‘given in ‘parentheses. 

na. t Micrograms of P liberated per mg. of wet weight of tissue per 15 minutes at 37°. 
t Miecroliters of O, uptake per 100 mg. of wet weight of tissue per hour at 37°. 
Tt { Mg. of triose produced per mg. of wet weight of tissue per 30 minutes at 37°. 


III 
8 Efect of Storage on Glycolytic Enzyme Activity of Beef Muscle (Longissimus dorsi)* 


storage period «| Initial Iactatet Lactate after incubation 

0 51 (12) | 59 (10) | 684 (4) 
a 2 48 (12) 53 (10) 641 (4) 

4 51 (12) 57 (10) O42 (4) 


* The number of samples is given in parentheses. 
t Micrograms of lactate per mg. of wet weight of tissue per 40 minutes. 


tained with the samples not included in the tabulation were in accord with 
the results in Tables II and III. 

These studies have shown that no reduction was observed in the adeno- 
anetriphosphatase, succinic dehydrogenase, or glycolytic enzyme activity 
after storage of either intact longissimus dorsi or semitendinosus muscle 
for 2 or 4 weeks. A reduction in aldolase activity to approximately one- 
half of the original values was observed at 4 weeks of storage. A reduction 
mn activity was also evident at 2 weeks of storage. It is of interest that a 
component of the glycolysis system, aldolase, decreased in enzyme activity 
during storage, while there was no decrease in the glycolytic system, 
thus demonstrating that aldolase was not the limiting enzyme in the gly- 
colysis system. 


Adenosinetriphosphataset Succinic dehydrogenase} Aldolase 
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The initial lactate values approximated 50 y per mg. of muscle prior » 
incubation and the values did not increase after storage of the muscles fe 
4 weeks. The amount of lactate found after incubation of the tissue with 
out additions of substrate (hexose diphosphate), but with all other com 
ponents of the glycolytic system added, was only slightly higher than th 
values obtained prior to incubation. 

These results show that, with the system used, negligible quantities ¢ 
substrates were available in the tissue for lactate formation at the time th 
samples were procured (approximately 48 hours after slaughter of th 
animals) and also that no additional substrates were made available fe 
lactate formation during storage of the tissue for 4 weeks. These finding 
are further supported by the results obtained on the glycogen content ¢ 
these samples. The amount of glycogen in the samples was low (approx. 


mately 1 mg. per gm. of muscle) before storage, and there was no chang] 


or a slight decrease after storage of the muscles for 2 or 4 weeks. Whe 


a slight reduction in the glycogen content occurred, no correlation 
increased lactate content of the muscle was observed. 


SUMMARY 


The stability of the adenosinetriphosphatase, succinic dehydrogenas 
glycolysis, and aldolase enzyme systems during storage of intact beef mus 
(longissimus dorsi and semitendinosus) at 2° for 2 or 4 weeks was investi 
gated. Different methods of homogenization of muscle tissue for the e 
zyme measurements were tested and on the basis of these studies muse 
was homogenized for 1 minute in the Waring blendor for measurement ¢ 
succinic dehydrogenase and glycolysis and for 5 minutes for adenosinetr 
phosphatase and aldolase. 

Adenosinetriphosphatase, succinic dehydrogenase, and the glycolytic » 
tem showed no reduction in activity after storage of intact beef muscle fi 
either 2 or 4 weeks. The aldolase activity, however, was reduced to 
proximately two-thirds the original value after 2 weeks and to one-half th 
original value after 4 weeks of storage. The aldolase system was she 
therefore, not to be the limiting enzyme in the glycolytic system, since th 
stabilities varied independently. 

The lactate content of the muscles was determined before storag 
(approximately 48 hours after the animals were killed) and approximate! 
50 + of lactate were found per mg. of wet weight of tissue. The values dé 
not change after storage of the muscle for 2 or 4 weeks, and the k 
present after incubation of the tissues with all components of the glycolyt) 
systems present except the substrate, hexose diphosphate, was increase 
only slightly (10 per cent). The glycogen content of the muscles was lo 
(approximately 1 mg. per gm.) and either did not decrease or decreased on) 
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dightly during storage. These findings showed that negligible amounts of 
substrates were available in the tissues for lactate formation before storage 
and also that no additional substrates were made available during storage. 

The studies indicate that the lack of available substrates in intact muscle 
tissue (7.e., glycogen and oxygen) is the limiting factor in the metabolism 
of muscle tissue after the animal is killed, rather than the instability of 
specific enzyme systems. 
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THE INHIBITION OF 8- AND y-CHYMOTRYPSIN AND TRYPSIN 
BY DIISOPROPYL FLUOROPHOSPHATE* 


By EUGENE F. JANSEN anp A. K. BALLSt 
(From the Enzyme Research Division, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States 
Department of Agriculture, Albany, California) 


(Received for publication, September 25, 1951) 


The inhibition reaction of a-chymotrypsin by diisopropyl fluorophos- 
phate (DFP) has been shown to comprise the stoichiometric introduction 
of diisopropyl phosphate into the resulting crystallizable, inhibited enzyme 
with the elimination of fluorine as HF (1-3). Several analogues of DFP 
have been shown to inhibit this enzyme by a similar reaction, in each case 
| mole of phosphorus being introduced per mole of a-chymotrypsin in spite 
of the large differences in the concentration of the analogue needed for 
complete inhibition (4). 

Since it has thus been established that DFP and several of its analogues 
react with a-chymotrypsin in the same way, the question naturally arises 
as to whether or not all DFP-susceptible enzymes are inhibited in a like 
manner. Boursnell and Webb (5) studied the DFP inhibition of horse 
liver esterase which was 80 per cent electrophoretically pure. They found 
that the esterase bound the phosphorus of radioactive DFP in the propor- 
tion of 1 gm. molecule of DFP per 96,000 gm. of the esterase. This reac- 
tion apparently differed from that with a-chymotrypsin only in that the 
liver esterase has a greater molecular weight. Michel and Krop (6) meas- 
ured the combination of radioactive DFP with purified eel cholinesterase. 
The preparations of this enzyme were reported to have considerably lower 
activity than those of Rothenberg and Nachmansohn (7). Michel and 
Krop found that the equivalent weight of eel cholinesterase was 63,000, 
calculated from their values for the DFP combination per unit of activity 
(6) and the greatest activity reported for this enzyme (7). 

Since 8- and y-chymotrypsin and trypsin are well defined crystalline 
enzymes, a study of their inhibition by DFP would constitute additional 
evidence of the generality of the DFP inhibition reaction. Accordingly 
the crystalline DFP inhibition products of each of these esterolytic pro- 
teinases were prepared and analyzed. Phosphorus analysis showed that 
in each case approximately 1 mole of phosphorus had been introduced per 
mole of enzyme. Hence the mode of inhibition of DFP is very similar or 


* Enzyme Research Division Contribution No. 142. 
t Present address, Department of Agricultural Chemistry, Purdue University, 


Lafayette, Indiana. 
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identical for all of the esterolytic proteinases examined. It may be thy ahi 
the mode of inhibition of all esterases is the same; however, proof my: 


await their ultimate isolation. a 
Materials and Methods trat 

t 

The trypsin used in this work was a crystalline commercial preparation: are 


Pure 8-chymotrypsin and y-chymotrypsin were prepared according to 
methods of Kunitz (8) from the first mother liquors of a-chymotryps 
crystallization. The crude 8-chymotrypsin was crystallized thrice; eae 
time the y crystals were removed prior to the crystallization of the crudé 
8-chymotrypsin. The crude 8-chymotrypsin was then purified by th 
Kunitz method (8); then the pure 8-chymotrypsin was crystallized twice. 
The y-chymotrypsin was crystallized thrice; then it was dialyzed fire 
against dilute HCl at pH 3.5, exhaustively against water, and finally 
lyophilized. 

The Anson hemoglobin method (9) was used for proteinase assays, except at 
that the digestion was performed at 30° instead of 25°. Tyrosine ethyl 
ester (TEE) was used as a substrate for the esterase assays of the chymo- 
trypsins. The esterase activities were determined with a TEE concent | : 
tion of 0.025 m at pH 6.25 and 25° by the continuous potentiome 
procedure described previously (1). Trypsin esterase activities wer 
termined by the modification (1) of the procedure of Schwert ef al.( | 
with a-toluenesulfonyl-L-arginine methyl ester (TSAME) as a substra |)—— 
The esterolytic activities are expressed as specific activities; 7.e., mil.- 
equivalents of —-COOH groups liberated per minute per mg. of protem 
nitrogen. 

Moisture determinations on the lyophilized proteins were performed by 
the method of White ef al. (11). Phosphorus determinations were mad 
by a modification of Allen’s method (12), with nitric acid as a digestion re 
aid rather than 


Specific Activities of Chymotrypsins—The specific activities of pure } . 
and y-chymotrypsin are given in Table I. The activities of a-chymotrp ” 
sin are included for comparison. Considering the temperature difference = 
the proteinase activities are within the range reported by Kunitz & “oa 
Likewise the differences in the specific activities when the chymotrypsia “".* 
hydrolyse TEE are essentially the same as Kunitz reported for the by ™%« 
drolysis of carbobenzoxyglycyl-L-tyrosylglycine. Hence these preparatic 
of the chymotrypsins resembled closely those prepared by Kunitz. , 

DFP Inhibition of Chymotrypsins and Trypsin The ability of DFP 4 ses | 


Purchased from the Worthington Biochemical Laboratory, Freehold, New Jers? after 


Results 
given 
tI 


E. F. JANSEN AND A. K. BALLS 723 


€ th inhibit both the proteinase and esterase activities of the three chymotryp- 
Mis sins is shown in Table II. In every case, the proteinase and the esterase 
activities are inhibited essentially to the same extent by a given concen- 
tration of DFP. Furthermore, the amount of DFP required for 50 per 
_ | eent inhibition was approximately the same for each of the chymotrypsins. 
| Although trypsin is unstable at 25° in solution at pH 7 and above, at 


Taste I 
Specific Activities of Chymotrypsins 
| Specific activities, per mg. protein N 


| TEE* | Hbt 
a 0.35 0.068 
8 0.28 0.052 
Y 0.27 0.048 


* Milliequivalents of —COOH groups liberated per minute. 
t Anson proteinase units (9). 


hymo- 


ent | Tasie II 

m DFP Inhibition of Chymotrypsins* 

re | Inhibition 

Enavme Molarity of DFP x 10° 

we Esterase | Proteinase 

ni. | per cont | per cent 

a 0.8 | 50 (1)t 
8 0.5 51 41 
“ 1.0 66 | 69 

red by y 0.4 | 27 22 

made “ 0.8 | 51 | 4s 


* The chymotrypsins were dissolved in 0.1 m phosphate buffer at pl 7.7 to give 
a concentration of 0.060 mg. of protein nitrogen per ml. and were treated with a 
given concentration of DFP for 20 minutes at 25° prior to assay. 

t Bibliographic reference. 


— ice bath temperatures the enzyme was found to be stable; ¢.g., a solution 


"of trypsin (0.025 mg. per ml. of 0.1 m phosphate buffer at pH 7.0) lost less 
prener 
is 6 than 3 per cent of its esterase activity in 18 hours aut the lower temperature. 
. Hence it was possible to determine the DFP inhibition of trypsin at pH 7.0 
rather than at pH 5 (1). The results are given in Table II]. The rate of 
vation inhibition of a-chymotrypsin at these lower temperatures was considerably 
slower than at 25°; ¢.g., when a solution of this enzyme at ice bath tempera- 
Fp y ture was treated with a concentration of DFP which would cause 50 per 
cent inhibition within 5 minutes at 25°, only 25 per cent inhibition occurred 
Jer after 25 minutes and 2 hours were required for 50 per cent inhibition. 
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Preparation and Analysis of DF P-Inhibited Chymotrypsins and Trypsin— 
To a solution of 1.9 gm. of pure 8-chymotrypsin in 450 ml. of 0.2 m phos- 
phate buffer at pH 7.7 was added 0.15 mm of DFP in isopropanol. After 
1 hour at 25° and 18 hours at 5°, less than 1 per cent of the activity re- 
mained. The pH of the solution was adjusted to 4.0 with 3 nN H.SO, and 
the protein precipitated by 0.8 saturation with ammonium sulfate. The 
inhibited protein was crystallized according to Kunitz’ method for 8-chymo- 
trypsin (8). The resulting crystals resembled those of 6-chymotrypsin. 
(Attempts to crystallize the protein under conditions used for a-chymo- 
trypsin resulted in crystals similar to those of 8-chymotrypsin.) After one 
recrystallization the inert protein was dialyzed in the cold against dilute 
HCl at pH 3.5 and then exhaustively against water; then it was lyophilized, 


yielding 1.5 gm. 
TaBLe III 
DFP Inhibition of Trypsin* 
Molarity of DFP x 10 Time Inhibitiont 
min. per cent 
1.0 20 18 
3.0 20 58 
3.0 120 96 


* The trypsin was dissolved in 0.1 m phosphate buffer at pH 7.0 at 0-3° to gives 
concentration of 0.025 mg. of enzyme protein per ml. 
t As measured by the hydrolysis of TSAME. 


The DFP inhibition product of y-chymotrypsin was prepared in a similar 
manner. To a solution of 5.8 gm. of y-chymotrypsin in 600 ml. of 0.2 
phosphate buffer at pH 7.7 was added 0.23 mm of DFP (in isopropanol). 
After approximately 2 hours, less than 1 per cent of the esterolytic activity 
remained. The solution was allowed to stand at 5° for 18 hours, where- 
upon the pH was adjusted to 5.6 with 10 per cent H,SO,. The protein 
was precipitated by making the solution 0.8 saturated with ammonium 
sulfate. The inert protein was crystallized twice at pH 5.6 according to 
the Kunitz methods (8). The crystals had the same bipyramid form as 
active y-chymotrypsin. (However, when the crystals were allowed to re- 


main in the presence of the mother liquor for several weeks, a mixture of 


crystalline forms resulted, part of which were typical of the y enzyme and 
part resembling those of the a enzyme crystallized at this pH.) After 
dialysis the protein was lyophilized, yielding 3 gm. of material. 
Crystalline DFP-inhibited trypsin was prepared by the following pro- 
cedure. 10 gm. of crystallized trypsin preparation (Worthington, about 
5 gm. of trypsin protein) were dissolved in 500 ml. of 0.2 m phosphate (pH 
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7.7) at O°. Thereto 5 ml. of pure DFP were added with stirring. After 
about 2 hours at 0° the esterase activity (TSAME) had practically fallen 
to zero (less than 0.1 per cent). The pH was then adjusted to 3.0 with 6 
x H.SO,, and the solution made 0.7 saturated with solid ammonium sulfate. 
After the solution had stood overnight at room temperature, the precipi- 
tated protein was removed by filtration. An undried filter cake weighing 
3 gm. was obtained. 

The filter cake was suspended in 100 ml. of water and a considerable 
amount of insoluble material was removed by filtration. The filtrate (pH 
3.3) was adjusted to pH 4.5 and more insoluble material removed by filtra- 
tion. It was then made 0.7 saturated by the addition of solid ammonium 
sulfate, and 19 gm. of filter cake were obtained. 

The second filter cake was dissolved in 20 ml. of water, filtered, and 


TaBLe IV 
Phosphorus Content and Molecular Weights of DF P-Inhibited Enzymes 

Enzyme cau 
Trypsin. .. 0.150 20,700 


*Ona dry weight basis. 
t Calculated on the basis of 1 mole of phosphorus per mole of protein. 
Bibliographic reference. 


brought to pH 8.0 with 0.4 m borate buffer of pH 9.0. Upon the addition 
of 80 ml. of saturated magnesium sulfate, and readjustment of the pH to 
8.0 with alkali, a good crop of crystalline material was obtained (7.4 gm. 
of moist filter cake). The crystals looked like those of trypsin. 

The crystalline filter cake was suspended in 7.5 ml. of water and com- 
pletely dissolved (at pH 3.7) by the addition of a few drops of 4 Nn H.SO,. 
The addition of 15 ml. of 0.4 m borate buffer (pH 9.0) brought the pH to 
8.0, and after 4 days in the refrigerator 6.1 gm. of crystalline filter cake 
were recovered. A repetition of this step yielded 2.8 gm. of filter cake, 


consisting of thrice crystallized material. This was suspended in 50 ml. 


of water, brought into solution with sulfuric acid (at pH 4.2), and dialyzed 
against water. The solution was then lyophilized and a yield of 1.0 gm. 
of material was obtained. 

The phosphorus analyses of the DFP-inhibited enzymes are reported in 
Table IV. No significant differences in the phosphorus content of the 
DFP-inhibited chymotrypsins were found. The molecular weights of the 
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chymotrypsins were calculated on the basis of 1 mole of the phosphorus per 
mole of protein (Table IV). The a enzyme was approximately 3000 greater 
than that found by Schwert and Kaufman (13) for the monomer and 200 
greater than the value found by Smith.2. The molecular weight of the j 
enzyme was essentially the same as that of the a and the y, possibly slightly 
less. Hence it is apparent that the conversion of the a enzyme to 8 and, 
does not constitute as great a change in molecular weight as previously 
reported (8), but rather the change is more subtle and consists of only 4 
very limited hydrolysis. 

The molecular weight (20,700) calculated from the phosphorus analysis 
of DFP-inhibited trypsin was in excellent agreement with the value o 
20,000 quoted by Goldenberg and McLaren (14). 

From the foregoing results it is apparent that 8- and y-chymotrypsin 
and trypsin were inhibited by DFP in the same manner as a-chymotrypsin: 
i.e., | mole of phosphorus per mole of enzyme was introduced by the DFP 
inhibition reaction. Since, in the case of a-chymotrypsin, the inhibition 
reaction consisted of the introduction of diisopropyl phosphate with the 
elimination of the fluorine as HF (2, 3), it is not unreasonable to suppose 
that DFP inhibition of the 8 and y enzymes and trypsin introduced the 
diisopropyl phosphate into these enzymes. The inhibition reaction of alll 
- DFP-susceptible enzymes may indeed be the same as that with the estero- 
lytic proteinases; however, proof of this must await the ultimate isolation 
of the susceptible enzymes. 


We are indebted to Miss Rosie Jang and Dr. Marvel-Dare Nutting for 
the analyses reported. 


SUMMARY 


1. DFP inhibits the esterase and proteinase activities of crystalline, pure 
8- and y-chymotrypsin essentially equally. The concentration of DFP 
needed for 50 per cent inhibition of these two enzymes was found to be the 
same as that needed for a-chymotrypsin. 

2. The characteristics of the DFP inhibition of trypsin at pH 7.0 “ 
0-3° are reported. 

3. The inert, crystalline, DFP inhibition products of 8- and y-chymo- 
trypsin and trypsin were prepared. Phosphorus analyses of these inert 
proteins indicated that the mode of DFP inhibition was the same in each 
case; t.¢., approximately | mole of phosphorus per mole of enzyme had been 
introduced by the DFP inhibition. 


? Private communication from Dr. Emil L. Smith, University of Utah. 
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RELATIONSHIP OF CHEMICAL STRUCTURE TO ANTIBAC- 
TERIAL ACTIVITY AMONG ANALOGUES OF 
DIMETHYLDIAMINOBENZENE 


By D. W. WOOLLEY* anv ANNA PRINGLE 


From the Laboratories of The Rockefeller Institute for Medical Research, New York, 


(Received for publication, June 20, 1951) 


Evidence has recently been brought forward to indicate that 1 ,2-di- 
methyl-4 ,5-diaminobenzene is a metabolic precursor from which both ribo- 
favin and vitamin By may be synthesized in living organisms (1, 2). A 
structural analogue of this metabolite, 1 ,2-dichloro-4 ,5-diaminobenzene, 
has been shown to be an inhibitor of growth, the effects of which can be 
overcome in a competitive fashion by the dimethyldiaminobenzene (1). 
Furthermore, this analogue brings about a reduction in the biosynthesis of 
riboflavin and of vitamin By by organisms susceptible to its action (2). 
Among a wide variety of living things ranging from bacteria to mammals, 
the species which are poisoned by this analogue could be foretold from a 
knowledge of nutritional needs for these two vitamins. Those which could 
not form either of these two vitamins at a rate sufficiently fast to permit 
growth were quite resistant to the dichloro compound. Among susceptible 
species, the toxicity of the substance was not overcome by riboflavin plus 
vitamin By. This inability of the products of the inhibited biosynthetical 
reactions to nullify the action of the analogue has made the latter seem 
attractive in the study of chemotherapy, and for this reason an investiga- 
tion has been made of what changes in its structure would cause enhanced 
potency. Furthermore, an attempt was made to determine what types of 
changes in the molecule might lead to completely irreversible action against 
living things; 7.c., to the inability of dimethyldiaminobenzene to compete 
with it. Such an investigation seemed advisable in view of recent dis- 
losures with regard to relatives of Chloromycetin (3). 


EXPERIMENTAL 


Sources of Analogues—-Previously known compounds were synthesized 
according to published procedures. For the new substances methods of 
preparation were devised. ‘Table | will indicate how the simpler new 
substances were obtained. More adequate and detailed directions are 
available privately from the authors. However, the methods of synthesis 


* With the technical assistance of N. Smith, A. Singer, and G. Sehaffmer An 
abbreviated summary of the work has appeared (Federation 10, 272 (1951)), 
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for a few of the new compounds are described briefly in the text in orde}d |, 
to illustrate the types of operations used with the substances in Table | [majo 
For the new substances not in Table I, which required unusual or exacting} 1,2 
procedures, directions are given in the text. The ¢ 

1 ,2-Dibromo-4 ,5-diaminobenzene (Compound 3)—Although Schiff (7) m Jol ace 
ported a melting point of 137° for this compound, our compound preparei|platit 
in the same way, by the reduction of the corresponding dinitro compound }atil 
melted at 160-161°. This and other melting points recorded in this pape} mo’ 


were determined on the heated stage microscope. presst 
Calculated. C 27.1, H 2.3, N 10.5 

Found. * 27.5, ** 23, “ 103 The 1 

1 ,2-Dimethyl-4-amino-5-methoxybenzene (Compound 7)—The correspond-{sddit 


ing nitro compound (Compound 10) (0.25 gm.) was warmed on a steam} mall 
bath with 5 cc. of concentrated hydrochloric acid. Tin (0.5 gm.) first © 
added in four portions with shaking during 5 minutes. After warmir 
for an additional half hour, the solution was cooled and 0.25 gm. of amin 
hydrochloride crystallized. This was collected and dissolved in 10 ce. ¢ 
water and the solution made alkaline with 10 per cent aqueous sodiun} 1-) 
hydroxide. The yield of the amine was 0.15 gm. It was recrystallized] this « 


from 80 per cent aqueous ethanol; m.p. 94-95". nace 
CsH,,ON. Calculated, N 9.3; found, N 9.2 


1 ,2-Dimethyl-4-nitro-5-dimethylaminobenzene (Compound 11)—A solution, ™ | 
of 3.5 gm. of 1,2-dimethyl-4-dimethylaminobenzene (8)' in 30 cc. of conj™: ' 
centrated sulfuric acid was cooled to —15° and treated with a mixture of! 
1.5 ce. of nitric acid (sp. gr. 1.42) and 6 cc. of concentrated sulfuric acid" the 
according to the method of Noelting et al. (9) for the nitration of 1,24 
dimethyl-4-aminobenzene. The mixture was stirred for } hour at —15 
and poured into a mixture of 90 gm. of ice and 90 cc. of water. When the 
solution was made alkaline with concentrated ammonium hydroxide, 
semisolid separated from which most of the oily isomer could be remove: 
by filtration, leaving 1.8 gm. of product. It was recrystallized from /-( 


ethanol; m.p. 74—-75°. 
1,2 

O2N 2. Calculated. C 61 8, H 7.3, N 14.4 exces 

Found. 62.3, * 7.3, 145 


Three isomers may be formed during the nitration. The compound de} Tact 
scribed above is probably the desired isomer by analogy with the nitratiog prod 


r 

' We wish to thank Dr. J. A. Aeschlimann of Hoffmann-La Roche, Ine., for + os 
generous gift of 1,2-dimethyl-4-aminobenzene used in the preparation of this ané ‘ 
several other compounds in this series. 
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: ordefol 1,2-dimethyl-4-aminobenzene (9) where the 5-nitro compound is the 
able | major product. 
acting] 1,2-Dichloro-4-(acid succinylamino)-5-aminobenzene (Compound 19)— 
The corresponding nitro compound No. 30 (1.5 gm.) was dissolved in 25 ce. 
(7) me ifacetic acid and 5 cc. of water and shaken in the presence of 200 mg. of 
Iplatinum oxide under a hydrogen pressure of 60 pounds per square inch 
pound|until the theoretical drop in pressure had occurred. The catalyst was 
pape|emoved and the solvent evaporated at room temperature under reduced 
pressure. Elevated temperature was avoided in order to minimize con- 
version to the corresponding benzimidazole (Compound 29). When this 
vas done, only a small amount of this transformation product was obtained. 
The material was recrystallized from a small volume of ethyl acetate by 
yond-{addition of benzene and then from ethanol by addition of benzene. A 
steam| mall amount of the benzimidazole (Compound 29) was recovered from the 
) was} first mother liquor. The yield of pure amine, melting at 163°, was 220 mg. 


Calculated. C 43.3, H 3.6, N 10.1 
Found. “428, “3.5, 103 


ce. 
odiun}| 1-Methyl-2-chloro-4-nitro-5-hydrorybenzene (Compound 21)—Although 
ized] this compound has been made by degradation of a more complex and 
inaccessible material (10), it was prepared easily as follows. A solution of 
% gm. of NaNO, in 200 ce. of water was mixed with 56 cc. of concentrated 
sulfuric acid, and the solution was cooled and stirred so that the tempera- 
lutios| ‘ue did not rise above 40° in the course of the subsequent nitration. 72 
F eon| ma. of 1-methyl-2-chloro-5-hydroxybenzene and 10 cc. of ethanol were 
ure of iquefied by warming and allowed to run slowly into the nitrating mixture 
» acid) 2 the course of 1 hour. After a reaction period of 2 hours at room tem- 
f 1,2) perature, water (500 ce.) was added and the resulting precipitate was 
_ 5} collected and washed thoroughly with water and recrystallized twice from 
vn the thanol. The yield was 33 gm.; m.p. 136-138". 


C;H,O,NCI. Calculated, N 7.5; found, N 74 
from 1-Chloro-2 ,4-di-(dimethylamino)-5-nitrobenzene (Compound 23)-—This 
substance was obtained in an attempt to replace one of the nitro groups of 
|,2-dichloro-4 ,5-dinitrobenzene with a dimethylamino group. When an 
excess of the amine was used with heat and pressure, a double replacement, 
involving one chlorine as well as a nitro group, occurred. From the known 
d dejteactivity of the halogen para to the nitro group, the structure of the 
i product isolated could be assigned as that indicated. 2.4 gm. of the di- 
chlorodinitro compound were suspended in 25 ec. of ethanol. The solution 
< ang *88 cooled in ice and saturated with dimethylamine. The container was 
then closed, held at 40° for 24 hours, and then heated at 100° for 6 hours. 
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Evaporation of the solvent and recrystallization from alcohol gave wef. 
formed needles which melted at 90-91°. wn 


Calculated. C 49.0, H 5.7, N 17.2, CL 14.5 
Found. 49.0, “ 5.3, “ 16.9, 14 


1 (Compound 26)—A_ mixtunfaixtu 
of 0.5 gm. of 1 ,2-dichloro-4 ,5-dinitrobenzene and 0.8 gm. of 25 per cenfrerys 
aqueous dimethylamine in 10 cc. of absolute ethanol was allowed to stanéfsleot 
at room temperature for 15 minutes and then poured into 100 cc. of waterfno fur 
The precipitate (0.47 gm.) after recrystallization from ethanol melted 
103-—104°. 


The 
CsHsO2N2Cl,. Caleulated. C 40.9, 13.4, N 11.9 npl 


1 ,2-Dichloro-4-(acid succinylamino)-benzene (Compound 27)—49 gm. dhbe pi 

] ,2-dichloro-4-aminobenzene and 36 gm. of succinic anhydride were heated}yith | 
in an open flask at 135-140° for an hour. The hot magma, before it had ; 2 
solidified, was poured into 350 cc. of 2 N NaOH and the resulting suspensia) 2-4; 
was heated to boiling and cooled. The insoluble matter was removed andhiroxic 
the solution was acidified with concentrated HCl. The solid product whietiprepa 
separated was then recrystallized from dilute alcohol. The yield was Sind 3 
gm. of needles, which melted at 164° after they had been dried at 80°. fpaint 
Calculated, N 5.34; found, N 5.38 tha 


1 ,2-Dichloro-4 ,5-di-(acid succinylamino)-benzene (Compound 28)—A mix}, 2 
ture of 0.5 gm. of 1,2-dichloro-4 ,5-diaminobenzene (1) and 0.6 gm. dh) 
succinic anhydride was heated at 160° for 4 hour. After cooling, 10 c Ogn 
of water were added. The solution was made alkaline with 10 per centhpo, 
aqueous sodium hydroxide, heated to boiling, and filtered. A trace dh... , 
insoluble material was discarded. The filtrate was brought to pH 1 br§ 
the addition of concentrated hydrochloric acid and yielded 0.2 gm. O}pq 4 
product which was recrystallized from water; m.p. 175-176°. The net-po . 
tralization equivalent was 190; calculated, 189. 

Calculated, N 7.4; found, N 7.5 

2-(8-Propionic acid)-5 ,6-dichlorobenzimidazole (Compound 29)—Thisfy 
compound was also formed in the above reaction. It was isolated by ad-Phj 
justing the filtrate obtained at pH 1 to pIl 6 with 10 per cent aqueoupy thy 
sodium hydroxide. ‘The precipitate (0.3 gm.) was recrystallized from eth) 1,2. 
anol; m.p. 258-259°. 


CyeHyONCly. Caleulated, N 10.9; found, N 10.9 


1 ,2-Dichloro-4-(acid succinylamino)-5-nitrobenzene (Compound 30) 
gm. of Compound 27 were dissolved in 20 ce. of acetic acid plus 30 ce. @., 


of 
wa 

rt 
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ic anhydride. This solution was cooled in ice and while it was still 
spersaturated was mixed with 17 ec. of fuming nitric acid (sp. gr. 1.5). 
he mixture was allowed to warm slowly to room temperature for an hour, 
nd was then poured on cracked ice. The product which separated was a 
nixturfaixture from which the desired compound was separated by a series of 
or cenfrecrystallizations, first from benzene plus petroleum ether and then from 
) staniflcohol. When the melting point attained a value of 171—173°, there was 
water foo further change with subsequent crystallizations. The yield was 8.5 gm. 


ited Calculated, N 9.1; found, N 9.0 


The structure of the product was established by hydrolysis of a 0.1 gm. 
ample with concentrated HCI at 100° for an hour. Unchanged starting 
aterial was removed by extraction of an ether solution with NaHCO,, and 
EM. dikhe product was then found to have a melting point of 178-181°, identical 
eateyith that of 1 ,2-dichloro-4-amino-5-nitrobenzene (11). 
it ha 1 2-Dichloro-4-phenylazo-5-hydroxybenzene (Compound 31)—To 7 gm. of 
ensiot}| 2-dichloro-4-hydroxybenzene (12) in 30 cc. of 10 per cent sodium hy- 
ad andhiroxide solution cooled at 0° was added a solution of diazotized aniline 
Whictiprepared from 4.3 cc. of aniline, 14 cc. of concentrated hydrochloric acid, 
vas Send 3.4 gm. of sodium nitrite in 7 cc. of water. The temperature was 
80°. fnaintained at 0-5° during the addition. The mixture was stirred at 10° 
half an hour after the addition, then allowed to stand at 10° for 2 hours, 
_ Bnd filtered. The product (10 gm.) was recrystallized from ethanol and 
\ mprelted at 132-133°. It was a mixture of the desired compound and 1 ,2- 
MM. “iichloro-3-phenylazo-4-hydroxybenzene. In order to separate the isomers, 
10 ce gm. of the ethanol-recrystallized material was extracted with petroleum 
F celbther (30-60°). The soluble fraction (0.4 gm.) was freed of solvent and 
ace Gas extracted with 10 cc. of N sodium hydroxide solution for 5 minutes and 
| Ll yBitered. The filtrate was acidified with concentrated hydrochloric acid 
mM. Obnd the precipitate (0.3 gm.) was recrystallized from ethanol and found to 
> at 160-161°. 


C, HyON Cl. Calculated. 53.9, H 3.0, N 105 


i reductign with sodium hydrosulfite, the azo compound vielded an amine 
"y ab-Khich melted at 174-175°; mixed melting point with the amine obtained 
jueouspy the reduction of 1 ,2-dichloro-4-nitro-5-hydroxybenzene, 174-175°. 

n eth! 1.2-Dichloro-4-(acid succinylamino)-5-(2 ,4’-dinitrophenylamine)-benzene 
ompound 32) —A solution of 200 mg. of 2,4-dinitrofluorobenzene in 10 
.of ethanol was added to a solution of 100 mg. of Compound 19 in 5 ce. 
water and 200 mg. of NaHCO, (13). Large crystals soon separated. 
reaction was allowed to progress overnight at room temperature. The 
aol was then removed under reduced pressure and excess reagent was 


ce. 
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extracted with ether. The product separated when the aqueous solutia] gve 
was acidified. It was extracted with dilute aqueous NaHCO), and a small was | 
amount of material which did not dissolve was removed. The product wa sot } 
then precipitated by acidification and finally recrystallized, first from diluef the | 
ethanol and then from dilute acetic acid at room temperature. It melted whi 
at 200-202°. 


Calculated, N 12.7; found, N 12.8 Bi 


The sample for analysis was dried at room temperature to avoid ri 
closure. 

1 ,2-Dichloro-4 ,5-di-(p-nitrobenzenesulfonamido)-benzene—To a suspen} ona 
sion of 0.5 gm. of 1 ,2-dichloro-4 ,5-diaminobenzene in 10 cc. of 10 per cer 
sodium hydroxide solution at 80° were added 3 gm. of p-nitrobenze 
sulfonyl chloride. The mixture was warmed on a steam bath for half 
hour with frequent stirring and filtered. The precipitate was discarded 
The filtrate was acidified with concentrated hydrochloric acid and gave | 
gm. of precipitate, which was extracted with 30 cc. of hot ethanol. 


alcohol-insoluble material (0.25 gm.) was recrystallized from glacial aceti{ 4 50 
acid and was found to melt at 275-276°. stean 
CysH,:0,8:N,Cls. Calculated. C 39.5, H 2.2, N 10.2 pay 

Found. ** 39.6, 2.3, 10.0 ine 

1 ,2-Dichloro-4-(p-nitrobenzenesulfonamido)-5-aminobenzene—The ethang (39-4 


extract obtained during the preparation of 1 ,2-dichloro-4 ,5-di-(p-nited point 
benzenesulfonamido)-benzene deposited 0.5 gm. of this compound on cod} dinit: 
ing. It was recrystallized from ethanol and was found to melt at 264-265] 195° 


C.:H,0.8N,Cl,. Calculated. C 39.8, H 2.5 been 
Found. “40.0, “2.7 


Bis-(2-chloro-4-nitrophenyl)-ethane—-To a solution of 1.0 gm. of 1-m 
2-chloro-4-nitrobenzene (14) in 10 cc. of methanol cooled in ice were addef De 
40 ce. of ice-cold 33 per cent methanolic potassium hydroxide according 4 egecy, 
the method of Green et al. (15). The mixture was removed from the i tions 
bath and allowed to warm until a violet color appeared, which faded 6 and y 
shaking and returned on standing. The reaction was controlled by cooling (1) §, 
and by changing the rate of shaking so that the violet color did not becom tion | 
too intense. This color arose from oxidation and hence the speed of t alrea, 
reaction depended on the temperature and the amount of aeration. vent, 
mixture was shaken until no further violet color appeared, when it W4 the s1 
allowed to stand. The reaction required about | hour. The precipita}te ay 
which had formed was filtered off and washed with water and methan@ stane 
It was dried and extracted with 100 ec. of hot benzene. The extract W@solub 
evaporated to dryness and the residue was recrystallized from ethanol 4 adde« 


uct 
ai 


ct 
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inf pve 0.45 gm. of product. It was recrystallized again from benzene and 


vas found to melt at 179-180°. A pyridine solution of this compound did 
sot decolorize potassium permanganate solution, while the residue from 


ithe benzene extraction contained the corresponding stilbene compound 
which did. 


Calculated, N 8.2; found, N 84 
Bis-(2-chloro-4 ,5-dinitrophenyl)-ethane—The preceding diphenylethane 


ing derivative (0.1 gm.) was added to a solution of 1 ec. of nitric acid (sp. gr. 


1.42) and 5 ec. of concentrated sulfuric acid, and the mixture was warmed 


end on a steam bath for } hour according to the method of Morgan and Drew 
vena (14) for the nitration of 1-methyl-2-chloro-4-nitrobenzene. The reaction 


mixture was poured on 25 gm. of ice and filtered. The product (0.1 gm.) 
was recrystallized from benzene and was found to melt at 180-181°. 


Calculated, N 13.0; found, N 12.8 
Evidence for the structure of this compound was obtained by oxidation. 


et} A solution of 0.1 gm. of it in 5 cc. of glacial acetic acid was heated on a 


seam bath for } hour with 0.12 gm. of chromic anhydride and 0.1 cc. of 
concentrated sulfuric acid. The mixture was diluted with 25 cc. of water 
and extracted with ethyl ether. The ether extract was evaporated to 
dryness and the residue was recrystallized from benzene-petroleum ether 
(30-40°) = 2:1. The resulting acid melted at 164—-165°; mixed melting 


it point with the acid obtained by the oxidation of 1-methyl-2-chloro-4 ,5- 


dinitrobenzene with potassium permanganate, which also melted at 164- 
165°, 164-165°. The 2-chloro-4 ,5-dinitrobenzoic acid so obtained has not 
been previously described. 
C;H,O.N,Cl. Caleulated. C 34.1, H12,N 114 


Determination of Growth-Inhibitory Potency of Analogues with Staphylo- 


coccus aureus —-Each substance was tested, in a graded series of concentra- 
¥ tions, for its effect on the growth of S. aureus in a medium free of riboflavin 
“and vitamin By. The procedure was the same as that described previously 


(1) for the assay of 1 ,2-dichloro-4 ,5-diaminobenzene. Particular atten- 
tion was paid to the size of inoculum and time of incubation for reasons 
already given. All water-soluble compounds were dissolved in that sol- 
vent, the solutions were neutralized, sterilized by boiling, and added to 
the sterilized assay tubes just before inoculation. ‘This was done in order 
to avoid reaction between constituents of the medium and the test sub- 
stances at elevated temperatures. Compounds which were very slightly 
soluble in water were dissolved in aleohol, and t cc. of such a solution was 


nol Fadded to 100 ce. of boiling water. The emulsion thus formed was then 
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measured into the assay tubes just prior to inoculation. Because of tht 9 
limited solubility of several of the substances, a series of uninoculated tube| 8 
containing the same concentrations of analogue as the inoculated ones wa| 2 ” 
always included in an assay so that the results of the growth determin, 
tions would not be obscured by the formation of precipitates. For th ™ 
same reason, the extent of growth was measured both by determination ¢| — 
turbidity and by estimation of acid production. comp 

The concentrations of thirty-five analogues which were found to caus 
half maximal inhibition of growth of S. aureus under the above condition} — 
are shown in Table II. As can be seen there, many of the substances wer 
harmless at concentrations which were practical in the medium, and hene 
no adequate measure of their potency could be made. Others were quite 
active, and among these the variation of potency with changes in chemicd 


structure can be seen readily. : 
Antagonism of Toxicity of Active Compounds by 1,2-Dimethyl -4 ,5-d. , 
aminobenzene and Determination of Its Kind—In order to establish th] , 
existence and the nature of any antagonism which the metabolite 1,2] — ; 
dimethyl-4 ,5-diaminobenzene might exert on the activity of its gro — 
inhibiting analogues, each of the active substances was retested in 
presence of 0, 1, and 10 y of this metabolite per cc. of culture medium. If}, 
antagonism existed, then more of the analogues would be required in the 
presence of the metabolite than in its absence. If it was of the competitive} 
kind, then proportionately more analogue would be needed for half maxima —§ 
inhibition of growth with 10 y of the metabolite than with 1 y. In orde| = § 


to see this relationship clearly, it was necessary to subtract the value found 
with 0 7 of the metabolite from that observed in the presence of 1 ¥ or d 
107. This relationship will become clear by reference to Table IIT and to 
a preceding publication (1). 

The results in Table III show that all shades of antagonism were seen, 
ranging from competitive with 1 ,2-dichloro-4 ,5-diaminobenzene, through 
non-competitive with Compounds 13, 16, and 21, to the complete lack o 
it with substances such as 24, 30, and 32. The structural changes whieh 
were associated with this progressive change in the type of antagonism: 
will be discussed in a later section. 

The solubility in the basal medium of some of the active analogues was 
so limited that an investigation of the kind of antagonism could not be, 
made. 17 

Failure of Riboflavin Plus Vitamin By lo Overcome Toxicity —Each of the) 18 
active substances except Compounds 4, 24, 32, and 34 of Table IL we 
retested in the presence of riboflavin (0.1 y per ce.) plus vitamin By (0.0! 
vy perec.). In no case did these vitamins overcome the growth-inhibiting} 4 
activity of the compounds (compare (1)). - 
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of th) Growth-Inhibiting Potency for Bacillus megatherium—Several of the ana- 
1 tube logues which had proved to be toxic to S. aureus were tested similarly with 
B. megatherium. ‘They proved harmful to this organism as well. The 


ed Taste II 
o th Analogues of 1,2-Dimethyl-4,5-diaminobenzene As Growth Inhibitors of S. aureus 


| Method of 
Analogues Half maximal inhibition 
| Cals reference 
lition] — 
3 wen Changes in alkyl side chains only 
tte 1 1,2-Dichloro-4,5-diaminobenzene dihy- 6 (1) 
emical drochloride 
2 1-Methyl-2-chloro-4 ,5-diaminobenzene Inactive at 30 (14) 
dihydrochloride 
h the 3 1 ,2-Dibromo-4 ,5-diaminobenzene 10 
4 1-Bromo-4 ,5-diaminobenzene 
5 | o-Phenylenediamine 30 
‘owl 
in th Changes in one or both NH, groups only 
6 | 1,2-Dimethyl-4-amino-5-hydroxyben- (16) 
in the zene | 
titive 7 1,2-Dimethyl-4-amino-5-methoxybenzene >300 
ximd}  1,2-Dimethyl-4-amino-5-nitrobenzene 100 
order 1 ,2-Dimethyl-4-phenylazo-5-hydroxy - Inactive at 50 (16) 
found benzene 
ani 10 | 1,2-Dimethyl-4-nitro-5-methoxybenzene Detectable at 30 (17) 
12 1,2-Dimethyl-4-nitro-5-hydroxybenzene | (16) 
rough Changes in side chains and one NH, group 
ck 1-Methyl-2-ehloro-4-amino-5-hydroxy- 24 
which benzene hydrochloride 
nisms Inactive at 30 (14) 
zene 
was 15s 170 
ot bel  aminobenzene dihydrochloride 
| 16 40 
1, 2- Dichloro-4-amino-5- nitrobenzene 35 (11) 
of th 18 60 
wae benzene hydrochloride 
(0.01 19 1,2-Dichloro4-(acid suecinylamine).5- Deteetable at 100 
 aminobenzene 
» Inactive at 
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TABLE II—Concluded 


Method 
Analogues Half maxima! inhibition 
| 
Changes in side chains and both NH groups 
per ce. 
21 1-Methyl-2-chloro-4-nitro-5-hydroxy- 36 
benzene 
22 1-Methyl-2-chloro-4-nitro-5-dimethyl- Inactive at 30 
aminobenzene 
23 1-Chloro-2,4-(dimet hylamino) -5-nitro- 
benzene 
24 1,2-Dichloro-4-nitro-5-hydroxybenzene | 4 
25 1 ,2-Dichloro-4-nitro-5-methoxybenzene | Detectable at 30 (18) 
26 1,2-Dichloro-4-nitro-5-dimethylamino- | Inactive at 60 
benzene 
27 1,2-Dichloro-4-(acid succinylamino) - 90T 
benzene | 
28 1,2-Dichloro-4 ,5-di(acid succinylamino)-, 100 
benzene | 
29 2-(8-Propionie acid)-5,6-dichlorobenz- Detectable at 60 
imidazole 
30 1,2-Dichloro-4-(acid 
nitrobenzene 
31 1,2-Dichloro-4-phenylazo-5-hydroxy- | Inactive at 50 
benzene 
Double or aggregate metooutes 
32 ,2-Dichloro-4-(acid succinylamino)-5- | | 
(2',4’-dinitrophenylamino)-benzene 
33. 1, 2-Dichloro-4,5-di-(sulfanilamido) - 
benzene 
34. 
benzene 
35 Bis-(2-chloro-4,5-diaminopheny])- 
ethane 


inhibition of was never attained by increases in the amour’ 


added. 


t The response curve was abnormally flat. 
¢ Complete inhibition of growth was not attained, probably because the com 
pound was not soluble above 30 y per ec. in the medium. 


more active compounds for S. aureus were likewise usually the more 


ones for this second species. 


Half maximal inhibition of growth was ob 


tained with 8 y of Compound | per ce., with 56 y of Compound 6, with 53) 
of Compound 13, and with 46 y of Compound 21. 


VW 
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Taste Ill 
jmounts of Analogues Required for Half Maximal Inhibition of Growth of S. aureus 
in Presence of Various Concentrations of 1 ,2-Dimethyl-4,5-diaminobenzene 


(DMDA) 

Additional 

Amount needed with 

Analogue analogue 

| DMDA required® 
pound Neme pet ly per 10 y per With ty 
No. ec. ec. cc. DMDA. 


1 1,2-Diehloro-4,5-dia- 9! 35| 3, 2 | Competitive 
minobenzene dihy-— 

drochloride | 

6 1,2-Dimethyl4-aminoe 30 100 10 Nearly compet- 
5-hydroxybenzene | itive 

13-1 -Methyl-2-chloro-4- | Not competitive 
amino-5-hydroxy- 
benzene hydrochlo- | 
ride | | 

16 1,2-Dichloro4-amino- | 39 30 -9 
5-hydroxybenzene 

17 1,2-Dichloro4-amino- 35 
5-nitrobenzene | | 

«1-Methyl-2-chloro4- 64 7 | Almost none 
nitro-5-hydroxyben- | 
zene | 

4% 1, 2-Dichloro-4-nitro-5- = 4 4 0 0 | None 


hydroxybenzene 
» = 1,2-Dichloro-4-(acid im wo 0 0 
succinylamino).5- 
nitrobenzene | | | 
succinylamino) -5- 


(2° ,4’ | 


amino) -benzene 


= 
= 


* These values represent the amounts of the various analogues which were re- 
quired to counterbalance | y of external DMDA per ce. and 10 4 of external DMDA 
peree. They were obtained by een the third column from the fourth and 
fifth columns. 

tType of antagonism difficult to measure, because the compound was too 
insoluble, 

Inhibition of Vitamin By, Synthesis by B. megatherium Caused by Subtoric 
Concentrations of Various Analogues ‘The experiments were conducted in 
the manner previously described for 1 ,2-dichloro-4 ,5-diaminobenzene (2) 
by adding concentrations of each analogue which were too small to inhibit 
growth detectably. After the B. megatherium had grown for 2 days in 
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these media, the cultures were assayed for vitamin By with the aid ¢ 
Euglena gracilis. From the results recorded in Table IV, one can see thy 
several of those analogues which were active inhibitors of growth likewise 
caused a marked reduction in the synthesis of this vitamin when they wer 
present in amounts too small to reduce growth. Presumably the effect o 
growth produced by the higher concentrations was related to an eves 
greater retardation in the synthesis of this vitamin. The inhibition ¢ 
synthesis was seen with those analogues which were non-competitive an. 
tagonists to 1 ,2-dimethyl-4 ,5-diaminobenzene as well as with those whie 
were competitive antimetabolites. This observation may bear on the up 
derstanding of the mode of action of such non-competitive structunl 


analogues. 
Tasie IV 


Amounts of Vitamin B,, Formed by B. megatherium Grown in Presence of Analogua 
of Dimethyldiaminobenzene, When Present in Concentrations Not Inhibitory 


of Growth 
Compound in growth medium 
Name | Amount 
per ce per cc. 
1-Methyl-2 chioro-4 -amino-5-hy droxy benzene hydro-— 
| 10 0.07 
30 0.07 
| 5 | 0.10 
30 | 0.13 


1,2-Dimethyl-4-amino-5-hydroxybenzene 


DISCUSSION 


Structural Alterations in Relation to Growth-Inhibiting Potency—The dats 
of Table IT indicate that only limited changes can be made in the amine 
groups of the metabolite 1 ,2-dimethyl-4 ,5-diaminobenzene if high ante 
bacterial potency is to be maintained in its structural analogues. Thus 
the alkylation’ or even the acylation of these substituents, either with o 
without simultaneous alteration in the methyl groups, markedly reduces 
potency (compare Compounds 15, 18, 19, and 28 with Compound 1). One 


one 


amino group can be replaced by a hydroxyl but the alkylation of thi) yer 


hydroxyl (see Compounds 6, 7, 13, 16, and 20) abolishes activity. In the 


phenols derived by exchange of one — NIL, for —OH, the further replace 
ment of the remaining NIL by NO, does not destroy activity, and 
may even enhance it (see Compounds 12,21, and 24). The introduction d 
a phenylazo radical in place of this second amino group is inimical (se 
Compounds 9 and 31). 
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The change in potency with progressive structural alteration is note- 
worthy because several related series may be discerned. If the amino 
groups of the metabolite are untouched and only the methyl side chains 
are altered, one sees that the trading of one —-CH, for —C1 gives rise to 
an inactive compound. In fact, insofar as a biological test can be made 
for metabolite potency (7.¢., by reversal of the effects of 1 ,2-dichloro-4 ,5- 
diaminobenzene (1)), this analogue (Compound 2) has slight metabolite 
potency. If both —CH), radicals are exchanged for —Cl, Compound 1, 
one of the most active of the series, is obtained. If now 2 bromine atoms 
are used in place of the methyl side chains, activity is diminished (Com- 
pound 3). The rise and fall of potency with increasing structural change 
have been seen in other antimetabolites and have been discussed at some 
length (19). 

If the various nitrophenols (Compounds 12, 21, and 24) are compared, 
one can see that the dimethyl member is relatively inert (barely detectable 
at 50 y per cc.), whereas the methylchloro compound is rather active and 
the dichloro derivative is highly potent. When the corresponding amino- 
phenols (Compounds 6, 12, and 16) are examined, the peak of potency is 
found in the dimethyl analogue. Progressive changes in the alkyl side 


———| chains result in reduced activity. 


Enhanced Activity of Double and Aggregate Molecules—Because of recent 
findings that the inclusion in a drug of not one but at least two portions, 
each related in structure to the same metabolically important compound, 
may give rise to rather active compounds, the designing of such double 
molecules in the present instance seemed advisable. Among many note- 
worthy examples, this effectiveness of double molecules can be seen in the 
high potency of succinyldicholine, a drug formed by union of 2 molecules 
of acetylcholine through the methyl groups of the acetyl portion. It has 
rather strong curare action (20), an effect which is believed to be connected 
with the functioning of acetylcholine (21). Similarly, in 3 ,3’-methylene- 
bis-(4-hydroxycoumarin) the two hydroxycoumarin portions, each having 
resemblance to vitamin K, have been united in the alkyl side chain. As is 
well known, this drug calls forth the signs of vitamin WK deficiency and can 
be antagonized by this metabolite. 

In the present instance 2 molecules of the metabolite were united either 
at the alkyl side chain or at the amino group, and additional moditications 
were introduced as well. One substance, namely Compound 35, was pre- 
pared in which the union was through the alkyl side chain of the metabolite. 
In addition, the other methyl group of the metabolite was replaced by a 
chlorine atom. The union was accomplished by joining 2 molecules of 
l-methyl-2-chloro-4 ,5-diaminobenzene by elimination of 2 hydrogen atoms 
from the methyl groups. Compared to the single molecule, efz. Compound 
2, the enhancement in activity was striking. 
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The other mode of forming double molecules, i.e. by union at one of th 
amino groups, is illustrated in this series by only one compound, No. 2 
Here | molecule of the dichlorodiaminobenzene has been coupled, not t 
an homologous moiety, but to a dinitroaminobenzene. Furthermore, i: 
order to achieve water solubility, the amino group of the dichlorodiamin 
which is not involved in the coupling was acylated with succinic acid. Fe 
the present argument it would have been better to have the second hal 
of the molecule identical to the first, and to have dispensed with the acy! 
radical. Unfortunately it was not possible to prepare this more desirabk 
analogue. However, the rather high potency of Compound 32, especially 
when compared to the inactivity of monosuccinyldichlprodiaminobenzen 
(Compound 19), suggests that highly potent double molecules may bk 
formed in this type of union through the amino group. 

The term “aggregate molecule” has been used to denote a structure in 
which antimetabolites directed against two different metabolites have been 
joined into 1 molecule. Only two examples are seen in the present work, 
but their potency suggests the advisability of studying this kind of com- 
pound further. The examples are Compounds 33 and 34 in which the 
metabolites dimethyldiaminobenzene and p-aminobenzoic acid have both 
been converted into effective antimetabolites and then made into an aggre 
gate molecule by the sharing of >NH groups. It was hoped that by 
so manipulating two metabolites intimately concerned with cell division 
(through their participation in the formation of folic acid, riboflavin, and 
vitamin B,2), and thus concentrating the various antagonistic effects into | 
aggregate molecule, special properties might arise. The present study ind: 
cates only that an order of enhanced potency such as was associated with 
the other double molecules did seem to result. The acylation of one d 
the amino groups of dichlorodiaminobenzene by other acids rendered the 
compounds inert, but with p-aminobenzenesulfonic acid (Compound 34) 
rather good activity was maintained. If further study should reveal that 
aggregate molecules of this sort have special activity, the situation would 
be reminiscent of the enhancement which sometimes results from the asse 
ciation of enzymes in morphological aggregates of the cell. 

Emergence of Non-Competitive Antagonism with Progressive Change ™ 
Structure of Antimetabolite—From the data in Table III one can see that, 
as the structures of the compounds become progressively more dissimilat 
to that of the metabolite, the competitive character of the antagonism 
between analogue and metabolite is lost. First, the antagonism become 
non-competitive, then barely discernible, and finally no counteraction by 
the metabolite, competitive or otherwise, can be found. This phenomeno? 
can be seen well in the series of Compounds 1, 16, and 24. The dichloro 
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which antagonism by the metabolite can still be shown, but this antagonism 
is slight and of the non-competitive kind. An additional structural altera- 
tion which leads to the dichloronitrophenol results in a substance which 
cannot be antagonized at all by the metabolite. A similar situation can 
be seen in the series of Compounds 6, 13, 16, and 24. Certain types of 
structural alteration appeared to be particularly prone to lead to non- 
competitive behavior in the substances so produced. Thus, the exchange 
of an amino group of the metabolite for a hydroxyl exerted such an effect 
(ee Compounds 1 and 16). Likewise, introduction of a nitro group fre- 
quently led to the same result. Finally, when several such alterations were 
made, the ability to exhibit any sort of antagonism was either lost com- 
pletely or considerably impaired. 

The similarity of this situation to that described earlier (3) for analogues 
of phenylalanine intermediate between this metabolite and Chloromycetin 
was striking. In that case as well as in the present one, the loss of com- 
petitive behavior, and then of ability to demonstrate antagonism at all, 
was associated with progressive structural alteration, and also with the 
introduction of certain kinds of groups (e.g. nitro) into the analogues. 

One may well ask whether the non-competitive analogues, and especially 
the ones with which no antagonism at all was demonstrable, actually are 
antimetabolites of 1,2-dimethyl-4,5-diaminobenzene. No adequate an- 
swer to this question seems possible, but the following facts are noteworthy. 
Firstly, these compounds are undoubtedly analogous in chemical structure 
to the metabolite, and the more distantly related ones are connected by 
an unbroken series of substances closer and closer in chemical similarity 
and in biological behavior to those analogues which are typical anti- 
metabolites of 1,2-dimethyl-4,5-diaminobenzene. Secondly, the com- 
pounds which do not show competitive antagonism and some of those 
which show no antagonism at all with the metabolite still bring about the 
retardation in synthesis of vitamin B,: which would be expected of such an 
antimetabolite, and which has actually been shown to occur with a typical 
one such as 1,2-dichloro-4,5-diaminobenzene. Nevertheless, one must 


_ | teeognize that, because of their chemical reactivity or other peculiar prop- 


erties, some of these substances may act additionally by other mechanisms. 


SUMMARY 


A series of thirty-five structural analogues of the metabolite 1 ,2- 
dimethyl-4 ,5-diaminobenzene has been prepared and tested for growth- 
inhibitory properties against bacteria, chiefly Staphylococcus aureus. 
Methods of synthesis for all previously unknown members of the series 
were developed. Conversion of one amino group of the metabolite to 


tural alkylamino or to acylamino resulted in bacteriologically inactive com- 
WH pounds. This was true in the dimethylbenzene series as well as in the 
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methylchlorobenzene and dichlorobenzene series. However, in all thre 
series the replacement of one amino group by a hydroxyl, or of both by 
nitro and hydroxyl, yielded active growth inhibitors. Several double mok. 
cules were prepared by uniting 2 molecules of a simple analogue of th 
metabolite. This was done so that the union occurred either at the alky 
side chain or, in one case, at one of the amino groups. These doubk 
molecules were considerably more potent than the parent single substance 
Two aggregate molecules each produced by joining sulfanilamide with 1,2 
dichloro-4 ,5-diaminobenzene were formed and shown to have unusually 
high activity. The existence and the kind of antagonism which the activ 
analogues exhibited with the metabolite were examined. Competitive an 
tagonism was found only with a few of the compounds closely related in 
structure to the metabolite. As the structural differences between metabo 
lite and analogue increased, and also when groups such as hydroxyl « 
nitro were included, non-competitive antagonism arose, followed by in- 
ability to demonstrate any antagonism at all. These observations wer 
compared to those reported earlier for phenylalanine analogues related to 
Chloromycetin. Some of the present relatives of dimethyldiaminobenzene, 
which were growth inhibitors but which showed either non-competitive or 
no antagonism at all with the metabolite, were found to cause a marked 
reduction in the synthesis of vitamin By» in growing cultures of Bacillu 
megatherium, just as dichlorodiaminobenzene has been found to do. 
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THE INTERACTION OF YEAST FLAVOKINASE WITH 
RIBOFLAVIN ANALOGUES* 


By EDNA B. KEARNEYt 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, August 15, 1951) 


We have recently reported (1, 2) the isolation of an enzyme (flavokinase) 
from yeast, which catalyzes the phosphorylation of riboflavin, according 
to the reaction: riboflavin + ATP' (or ADP) — FMN + ADP (or AA). 
The structural requirements with respect to the phosphate donor have 
been studied to some extent, but the specificity of the enzyme toward 
various isoalloxazine derivatives has not been investigated. 

The purpose of the present study was to gain an insight into the struc- 
tural requirements of flavokinase for its substrates, by ascertaining which 
of the known analogues of riboflavin are phosphorylated and which in- 
hibit the phosphorylation of riboflavin. In addition, it was hoped that 
such a study might contribute to knowledge of the mechanism of growth 
inhibition by antagonists of riboflavin. 

Materials and Methods 


Lumiflavin was prepared from riboflavin by the procedure of Warburg 
and Christian (3), and alloxazine was purchased from the Bios Labora- 
tories, Inc. Isoriboflavin (5,6-dimethyl-9-(p-1’-ribityl)isoalloxazine) and 
gilactoflavin (6,7-dimethyl-9-(p-1’-dulcity]l)isoalloxazine) were generously 
supplied by Merck and Company, Ine. Dichloroflavin (6 ,7-dichloro-9- 
(p-1’-ribityl)isoalloxazine), arabitylflavin (6,7-dimethyl-9-(p-1’-arabi- 
tylisoalloxazine), and sorbitylflavin (6 
loxazine) were the kind gifts of Professor Paul Karrer. The enzyme 
preparations used in this work were the most highly purified fractions 
reported for flavokinase (2). Other materials and methods were as pre- 
viously described (2). 

* This research was supported by grants from The National Vitamin Founda- 
tion, Ine., the Williams-Waterman Fund of the Research Corporation, and the 
Division of Research Grants and Fellowships, National Institutes of Health, United 
Sates Public Health Service. 

t Present address, Department of Pure Research, Leo N. Levi Memorial Hospital, 
Hot Springs, Arkansas. 

'The following abbreviations are used: FMN, riboflavin-5-phosphate; FAD, 
flavin-adenine dinucleotide; ATP, adenosinetriphosphate; ADP, adenosinediphos- 
phate; AA, adenylie acid; THA, tris(hydroxymethyl)aminomethane. 
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EXPERIMENTAL 


Phosphorylation of Riboflavin Analogues—The introduction of phosphate 
into the sugar-alcohol residue of a riboflavin analogue would be expected 
to increase the solubility of the resulting ester in water and to decreas 
its solubility in benzyl alcohol, as is the case with riboflavin itself (4). 
Since it has been shown that the spectrophotometric determination of 
the change in distribution coefficient between benzyl alcohol and aqueous 
solutions is a reliable measure of the progress of phosphorylation of ribo- 
flavin (2), the same technique was used in experiments designed to deter. 
mine the phosphorylation of the analogues. 

Accurately weighed samples of the compounds to be tested were rapidly 
dissolved in 1 X 10-* to 2 K 10-* m NaOH with the aid of a glass homog- 
enizer and were immediately neutralized, protecting the solutions from 
light as much as possible. Aliquots of each solution were added to the 
reaction mixture used in the flavokinase assay (cf. Table I) and the solu- 
tions were incubated for 1.5 hours. The action of the enzyme was stopped 
by addition of CCl,COOH and, following neutralization, the per cent ex- 
traction by benzyl alcohol was determined (2). Another aliquot of each 
compound tested was deproteinized and similarly extracted immediately 
after its addition to the reaction mixture, in order to determine the dis- 
tribution coefficient of the unphosphorylated compound; these will be 
referred to as “‘zero time controls.”’ The results of a typical experiment 
are summarized in Table [. It is seen that arabitylflavin and dichloro 
flavin were phosphorylated by the enzyme and that the other analogues 
of riboflavin were unaffected, as judged by the changes in the distribution 
coefficients between benzyl alcohol and the aqueous phase. The die 
tribution coefficients, K, at 25° of the two active compounds, arabitylflavin 
and dichloroflavin, calculated? from the average of several zero time con- 
trols, were 3.24 and 8.49, respectively. 

The rates of phosphorylation? of these two compounds, as compared with 
riboflavin itself, are listed in the last column of Table I. The substitution 
of Cl atoms for the 6- and 7-CH; groups of riboflavin apparently increased 
the rate of phosphorylation slightly, whereas a change in the configuration 
of the sugar-alcohol residue markedly reduced the rate. 

Effect of Analogues on Phosphorylation of Riboflavin—In order to a 
certain whether analogues which cannot themselves be phosphorylated are 
capable of inhibiting the phosphorylation of riboflavin, samples of the 
latter and of each analogue to be tested were simultaneously added to the 


? Calculated from the equation 2.5K/(1 + 2.5K) = (per cent extraction) /100. 

* The figures for the millimicromoles of phosphorylated analogues formed wert 
calculated after determination of the distribution coefficients of the latter, as de 
scribed in a later section. 
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enzyme, and the reaction was started by the addition of ATP. The re- 
sults indicated that a 3.5- to 5-fold excess of analogue over riboflavin failed 
to inhibit the enzyme, except in the case of lumiflavin (Table IT). Galac- 
toflavin appeared to have a slight but consistent stimulatory effect on the 
phosphorylation of riboflavin, the reasons for which are not yet apparent. 
The inhibitory effect of lumiflavin was not noted when the concentration 
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Taste I 
Specificity of Yeast Flavokinase 
Fava Time of incabaion | Po b |Rate of 
Ars 
Riboflavin 0 90.0 
1.5 66.2 227 
Dulcitylflavin 0 65.4 
1.5 66.0 
Sorbitylflavin 0 84.0 
1.5 83.4 
Galactoflavin 0 82.0 
1.5 81.8 
Arabitylflavin 0 89.8 81 
1.5 82.7 
Dichloroflavin | 0 | 96.2 248 
1.5 | 80.0 | 
Isoriboflavin 0 | 94.0 
1.5 4.1 


* Millimicromoles of flavin phosphorylated per 5.0 ml. of reaction mixture. Ex- 
perimental conditions, 1 X 10°? wm MgSO,, 2 x 10°* ATP, 1.5 X 10°' mw THA buffer, 
1.12 mg. of enzyme at an activity ratio of 270 (2) in a total volume of 5ml. The 
concentrations of the various flavins were as follows: riboflavin, 1.0 X 10~* m, 
dulcitylflavin, 2.5 X sorbitylflavin, 2.5 X 10°‘ m, galactoflavin, 2.7 X m, 
srabityl flavin, 2.2 X 10°‘ dichloroflavin, 2.7 X 10°‘ m, isoriboflavin, 1.0 m. 
Final pH of reaction mixture, 8.0 at 30°. 


of riboflavin exceeded that of the lumiflavin, but instead a very slight 
stimulation was observed. 

Stoichiometry of Phosphorylation of Analogues—In order to calculate the 
rates of phosphorylation of arabitylflavin and dichloroflavin, it was neces- 
sary to determine the distribution coefficients of the 5-phosphate esters 
of these analogues, as had been done for the unphosphorylated forms. For 
this purpose, advantage was taken of the fact that the reaction catalyzed 
by flavokinase is carried to completion in the presence of excess ATP. 
Solutions of the two analogues were, therefore, incubated with large 
amounts of flavokinase and ATP, under the usual conditions, and samples 
were periodically removed from each tube, deproteinized, and the per cent 
of the total flavin extracted by benzyl alcohol was determined. When this 
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value became constant, conversion to the phosphorylated form was con. 
sidered complete. The amounts of arabitylflavin phosphate and dichloro. 
flavin phosphate extracted by benzyl alcohol were 4.4 per cent and 133 
per cent, respectively, and the corresponding distribution coefficients wer 
0.018 and 0.061. From these values and from the molar extinction 
efficients,‘ the concentrations of the phosphorylated analogues were cal. 
culated by the equations: arabitylflavin phosphate = 1.182B — 0.134, 


Taste II 
Effect of Analogues on Phosphorylation of Riboflavin 
Experiment No. | Analogue Concentration of 
moles per I. 
1 None 185 
Dulcityl flavin 2.5 185 
Sorbitylflavin 2.5 x 195 
Galactoflavin 2.7 230 
2.3 10°* 235 
Isoriboflavin 1.6 x 194 
Alloxazine 2.5 x 186 
Lumiflavin 1.8 120 
2 None | 130 
Galactoflavin 9.0 x lo’ | 141 
Lumiflavin 7.0 x 105 | 143 
Isoriboflavin | 1.1 | 139 


* Millimicromoles of FMN synthesized per 5.0 ml. of reaction mixture. Experi- 
ment 1, each tube contained, in addition to the analogues indicated, 5.1 x 10°*» 
riboflavin; other conditions exactly as in Table I. Experiment 2, same as above, 
except that riboflavin was present in each tube at a concentration of 1 & 10° x, 
and enzyme at 0.88 mg. per tube at an activity ratio of 297; the time of incubation, 
1 hour at 30°. Synthesis of FMN was determined in the usual fashion (2), except 
that the light absorption at 450 mu by the analogue before and after benzyl alcohol 
extraction was subtracted from the total light absorption as a “‘blank;’’ this was 
permissible since the analogues used are not changed under the action of flavokinase. 


and dichloroflavin phosphate = 1.217B — 0.055A, where A denotes the 
concentration of total flavin in the unextracted sample, and B is the 
flavin concentration after benzyl alcohol extraction. The method has 
been fully discussed elsewhere (2, 5). 

As a confirmation of the validity of this method, a similar experiment 
was conducted wherein both the extent of extraction by benzyl alcohol and 
the disappearance of ATP were measured. The results (Table [ITD showed 


‘The molar extinction coefficient at 450 mg of both arabitylflavin and dichloro- 
flavin was found to be 11.6 X 10% em.? mole"'. The same value was used for the 
phosphorylated forms. 
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a good agreement between the two methods of measurement, in view 
of the numerous possible sources of experimental error. 


Affinity of Arabitylflavin for Flavokinase—It was of interest to determine 
Taare 
Stoichiometry of Reactions 
Analogue Analogue phosphorylated ATP used 

+. 127 136 
Dichloroflavin. .__. 54 

* Millimicromoles of analogue phosphorylated per 5.0 ml. of reaction mixture, 
as determined by the benzyl alcohol extraction procedure. 


t Millimicromoles of acid-labile phosphate converted to acid-stable phosphate 
per 5.0 ml. of reaction mixture. The ATP used in this exptriment was purified by 
chromatography on Dowex 1 columns. Reaction mixture, 1 X 10°? wm MgSO,, 
364 ATP, 7.5 X 10°? THA buffer, pH 8.0, and 9.7 arabitylflavin 
or 8.0 X 10°* mw dichloroflavin. Enzyme, activity ratio = 288, 1.31 mg. in arabityl- 
flavin experiment, 0.44 mg. in dichloroflavin experiment; time of incubation, 3 
hours at 30° in arabitylflavin experiment, and 2 hours at 30° in dichloroflavin experi- 
ment. 
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Fic. 1. Affinity of flavokinase for arabitylflavin (Lineweaver-Burk plot). Ab- 
scissa, S = average arabitylflavin in millimicromoles per 5.0 ml. during the experi- 
mental period. Ordinate, S/V, where Vo = millimicromoles of arabitylflavin-5- 
phosphate per 5.0 ml. of reaction mixture. In a total volume of 5.0 ml. each tube 
contained 0.62 mg. of enzyme, at an activity ratio of 287, 1 X 10°? mw MgSO,, 7.5 x 
10? THA buffer, pH 8.0, 2 X 10°? ATP, and arabitylflavin, as indicated; time of 
incubation, 2 hours at 30°. 


whether or not the differences in the rates of phosphorylation of ribo- 
flavin and arabitylflavin (Table 1) could be ascribed to differences in the 
affinity of the enzyme for the two compounds. When the effect of arabi- 
tylflavin concentration on flavokinase activity was determined (Fig. 1), 
it was found that the enzyme is saturated at approximately 6 X 10-5 M 
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concentration of the analogue and half saturated at 9.1 10-* M. Sine 
this Ky value is practically identical with that previously reported fe] with 
riboflavin (1.0 K 10-* m; ef. (2)), it is concluded that the slower rate of the 
phosphorylation of arabitylflavin cannot be explained in terms of a lowe] toa 
affinity for the enzyme. inhi 
ribo 

DISCUSSION 

The data presented permit certain conclusions on the structural ref pdy 
quirements for flavokinase action. It is known from previous work that] mii 
free ribose, adenosine, and other compounds not possessing the isoal-[ pros 
loxazine ring are not phosphorylated (2). A representative compound] and 
of a closely related ring system, alloxazine, was without effect on the en-] rye 
zyme. The results with isoriboflavin are of particular interest in that this} gece 
compound differs from riboflavin only in the position of a single —CH,] T 
group. The lack of inhibition by isoriboflavin and its lack of phosphoryla-} ye 
tion suggest two possibilities: Either the substitution of a 5-CH, for sf prot 
7-CH; group in the ring causes steric hindrance toward combination with] cans 
the enzyme, or the presence of a —CH, group in the 7 position is necessary} prog 
for combination. It would be of interest to determine the behavior d] mor 
the 6-CH; analogue of riboflavin in this connection. It should be noted,} gs y 
however, that isoriboflavin and riboflavin differ considerably in several] of F 
important respects; the former has a markedly lower solubility, mola] [t 
extinction coefficient, and fluorescence, indicating possible differences inf gnis; 
resonance between the two compounds. attri 
The replacement of the 6- and 7-CH,; groups by Cl atoms leaves the} to e 
compound as a highly active substrate for flavokinase. The 


When the ribityl side chain is replaced by a —-CH, group, the affinity] are, 
for the enzyme is retained to a certain extent, as judged by the fact that] rym: 
lumiflavin is a competitive inhibitor. When the side chain is lengthened] side 
to 6 carbon atoms, as in sorbitylflavin and galactoflavin, all activity #] anal 
substrate appears to be lost. The inertness of sorbitylflavin toward the 
enzyme cannot be ascribed to a difference in the configuration of the 
alcohol part of the molecule, since the corresponding 5-carbon alcohd} 1. 
derivative, arabitylflavin, was actively phosphorylated. In view of the} flavi 
results obtained with galactoflavin, the influence of the change in the} phos 
ring in dulcitylflavin (lack of the 6-CH, group) cannot be judged, and thus} the | 
the results merely serve as confirmation of the inactivity of the 6-carben) 2. 
aleohol derivatives. phos 

The experiments reported here may have considerable bearing on the} phos 
mode of action of vitamin antagonists. It should be mentioned that the} ribof 
analogues used in this study are known to be effective growth inhibitor ‘ 
in various organisms (6, 7). There are at least three ways in which 4) aia, 
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Sine | rboflavin antagonist might bring about growth inhibition: by competition 
ed fe} with the prosthetic groups of flavoenzymes, by competitively inhibiting 
rate df the phosphorylation of riboflavin, and by being enzymatically converted 
| lower f to an analogue of FMN or FAD, in which form they might competitively 
inhibit flavoenzymes. Three of the analogues used in this study (iso- 
fiboflavin, dichloroflavin, and galactoflavin) have been tested* and found 
to be inhibitory to various flavoenzymes, particularly to cytochrome c 
reductase (TPN) from yeast, p-amino acid oxidase from kidney, and L- 
amino acid oxidase from snake venoms. While the presence of the natural 
prosthetic group protected flavoenzymes from the effect of these analogues 
and a competitive factor was thus evident, the inhibitions were not truly 

reversible. These inhibitions were not, as a rule, extensive enough to 
&} account for the toxicity of the analogues in vivo. 

The fact that yeast flavokinase is not inhibited by any of the analogues, 
ave lumiflavin, indicates that the second of the above mechanisms is 
probably of little consequence in yeast, although it is clear that the results 
n With} cannot be extrapolated to other microorganisms or to animals, since the 
essaty} properties of flavokinase from these sources might be different. Further- 
‘ior of more, the effect of arabitylflavin phosphate and dichloroflavin phosphate, 
noted,} ss well as of the unphosphorylated analogues, on the enzymatic conversion 
ever of FMN to FAD (9) remains to be investigated. 
molar} [It should be mentioned, in connection with the third postulated mech- 
ces it} anism, that Umbreit and Waddell (10) and Woolley (11) have recently 

attributed the antagonistic effects of desoxypyridoxine and pyrithiamine 
es the} to enzymatic phosphorylation of these analogues to an inhibitory form. 

The experiments on arabitylflavin and dichloroflavin reported in this paper 
ffinity| are, to the author’s knowledge, the first direct demonstration of the en- 
t that} xymatic phosphorylation of a vitamin antagonist. It should be of con- 
hened} siderable interest to compare the effects of these phosphorylated riboflavin 
ry 4} analogues on flavoenzymes with those of the unphosphorylated compounds. 


of the SUMMARY 


leohd} 1. Evidence is presented that yeast flavokinase phosphorylates arabityl- 
of the} flavin and dichloroflavin to the corresponding nucleotides. The rate of 
n the} phosphorylation of dichloroflavin is slightly greater than that of riboflavin; 
1 thus} the reaction with arabitylflavin is considerably slower. 
arbet} 2. Isoriboflavin, galactoflavin, dulcitylflavin, and sorbitylflavin are not 
phosphorylated. Neither these compounds nor alloxazine inhibits the 
nm the} phosphorylation of riboflavin. Lumiflavin, when present in excess over 
it the} riboflavin, inhibits the phosphorylation of the latter. 


we * Kearney, E. B., and Singer, T. P., to be published. The data on L-amino acid 
NCD 5" oxidase have been reported (8). 
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3. The significance of the results on the specificity of flavokinase and « 
the po sible mode of action of riboflavin antagonists has been discuss]. 
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THE RELATIVE RATES OF RENEWAL OF CHOLINE AND 
PHOSPHATE IN LIVER PHOSPHOLIPIDE IN THE RAT 


By MARIAN E. TOLBERT* axon RUTH OKEY 


(From the Department of Home Economics, University of California, 
Berkeley, California) 


(Received for publication, June 26, 1951) 


The functions of choline as part of an essential phospholipide molecule, 
the conditions under which it acts as a donor of labile methyl groups, and 
its rate of renewal in certain tissues are of great interest. A number of 
careful studies have dealt with turnover time of the phosphate group in 
liver phospholipides, but there have been very few attempts to relate the 
findings to turnover times of the fatty acids or the nitrogenous bases, which 
are also essential parts of phospholipide molecules. A note concerning the 
unpublished results of Weinman (1) indicates that he found no great dif- 
ference between the turnover time of the fatty acid and that of the phos- 
phate moieties in plasma phospholipide. Stetten (2) measured uptake 
of N“ in the phospholipide of various tissues, including liver, after oral 
administration of labeled choline, ethanolamine, glycine, betaine, and am- 
monia. He was, however, primarily interested in the ability of the rat to 
use the orally given compounds in the synthesis of phospholipide and in 
the extent of the interchangeability of those compounds. 

The present paper reports an attempt to measure, in the normal intact 
tat injected simultaneously with tracer doses of P®-labeled phosphate and 
(“-methyl-labeled choline,' the relative rates of renewal of the choline and 
the phosphate moieties in the liver lecithin. In preparation for this study, 
a method for separation and direct measurement of the radioactivity of 
labeled choline reineckate was developed. Distribution of the radioactive 
choline in the lipide-rich tissues of a few typical rats was measured, as 


* The data in this paper are taken largely from a thesis submitted in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy in Nutrition in the 
Graduate School of the University of California by Marian E. Tolbert, August, 1950. 
Present address, University of Illinois, Urbana, Illinois. Presented at the meeting 
of the American Society of Biological Chemists, May 1, 1951. 

‘We are indebted to Dr. M. Calvin and Dr. B. M. Tolbert of the bioorganie group 
in the Radiation Laboratory of the University of California for synthesis of the 
radioactive choline used in this study and for valuable assistance with the measure- 
ments. The necessary C'™ was obtained from the Atomic Energy Commission. The 
Cmethyl-labeled choline was prepared by the method described by F. Christenson 
and B. M. Tolbert (University of California Radiation Laboratory, AEC Report 
No. 396 (unclassified) (1949)). The purity and identity of the labeled choline were 


(checked by two-dimensional chromatography and radioautography. Only one radio- 


active compound was found in each case. 
755 
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was the rate of excretion of radioactive CO, after intravenous and intn§ T 
peritoneal injection of the choline. The results of these studies are mf! to 
ported briefly. diph 

Recent work of others was taken to indicate that methyl-labeled choling§ renc 
might be used to study the fate of the entire choline molecule. Muntj§hute 
(3) and Dubnoff (4) have found that oxidation of choline to betaine mus Afte 
precede its demethylation. Stetten (2) and du Vigneaud et al. (5) havf§ofa 
presented evidence that the formation of betaine from choline is irrevers-§ ind 
ble. This evidence made it seem logical to proceed on the hypothesis tha diox 
when choline has entered into a phospholipide molecule its methyl group} diox 
are not renewed independently. intel 

Measurements of turnover time or renewal rate of a compound havj A 
been based on half life determinations after administration of the compounéf sdii 
itself, or calculated from specific activity-time relationships of the com were 
pound and its immediate precursor (6). In this case, the problem was tf hom 
compare the renewal rates of two components of a larger molecule. Thi D 
measurement of the true turnover time of each of these was complicated] seal 
because in neither case was the intermediate compound, from which the} 12¢ 
component entered the phospholipide molecule, definitely known. How-[ as st 
ever, Zilversmit et al. (7) and Popjak and Muir (8) had presented evidence mad 
that, even if glycerophosphate was not the true precursor of the phosphate] Fi 
part of the liver phospholipides, it at least had a rate of uptake of P* exer 
consistent with this hypothesis. It was planned, therefore, to attempt tof mea 
make a comparison of turnover time values for liver lipide phosphate calev} (| 
lated on the assumption that glycerophosphate was its precursor, with} But 
turnover times for liver lipide choline calculated on the assumption tha‘ chol 
non-phospholipide choline might have the characteristics of a correspond{ coun 
ing precursor. Logarithmic specific activity values for periods up to %f drol; 
hours after injection of the isotopes were also determined for both phos wet 


pholipide phosphate and phospholipide choline. thor 
were 
EXPERIMENTAL phos 


Male rats, kept on a stock diet? until they weighed about 200 gm., wer the : 
used for all measurements. The animals for the preliminary distributioe} unde 
and excretion study and for the estimations of turnover time based of In 
lipide-precursor relationship were fasted for 12 hours before injection; of th 
Those used for the half life estimations were, because of the longer time sepa 


of observation, allowed access to food. All had access to water throughow} ,, 
the experimental period. versi 
only 


2 This diet was made up of ground whole wheat, casein, dried whole and ski 
milk, alfalfa, wheat germ, yeast, salts (9), and an oil furnishing vitamins A and D ‘ie 
It contained approximately 31 per cent protein and 9 per cent fat. 
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1 intr. The labeled choline was given in doses of 1 ml. of solution furnishing 
are to 2 mg. of choline and 1.8 X 10° ¢.p.m. P*® was given as | ml. of sodium 
diphosphate solution furnishing approximately 2 10° c.p.m.* Intra- 
cholin§ venous injections were made into the jugular vein with light sodium nem- 
jutal anesthesia; intraperitoneal injections were made without anesthesia. 
1e mus} After injection, the rat was placed immediately in a glass metabolism cage 
>) have of a design which allowed quantitative collection of expired carbon dioxide 
revers-§ and of urine, while the rat was kept at atmosphere pressure. When carbon 
sis tha] dioxide was measured, it was collected in 2 N sodium hydroxide (carbon 
group} dioxide-free) in duplicate collection cylinders that were changed at specified 
intervals. Urine for analysis was collected in dilute hydrochloric acid. 
d havj At the termination of an experiment, each rat was anesthetized with 
apoun| sdium amytal and killed by exsanguination. The organs to be studied 
e com4 were removed, weighed immediately, and prepared for the analyses by 
was tof homogenization with appropriate solvents as described later. 
Determinations of radioactivity of all samples were made with an ‘“‘auto- 
licated] scaler” and a tube having an end window of thin mica 2 inches in diameter, 
ich thf 12mg. persq.cm. Suitable aliquots of the injected solutions were counted 
How} as standards. Corrections for self-absorption, coincidence, and decay were 
ridence} made where indicated. 
ssphat} For the preliminary measurements of tissue choline distribution and 
of P*f excretion, the C'-methyl-labeled choline was given alone, and problems of 
mpt to} measurement were the usual ones resulting from the low energy of the 
- calev| C“ radiation and the dilution of the labeled choline with tissue choline. 
r, with} But when the animals were injected with both P* and C'-methyl-labeled 
mn that choline, separation of the radioactive isotopes had to be made before 
spond counting. Samples to be counted for P® were, after separation and hy- 
» to MP drolysis of the phospholipide or other phosphate fractions, subjected to 
1 phos} wet combustion and precipitated as MgNH,PO,. The precipitate was 
thoroughly washed and dissolved in dilute hydrochloric acid, and aliquots 
were used to determine the radioactivity as well as the total amount of 
phosphorus present in each fraction. For measurement of radioactivity, 
., wert the solution was pipetted into small, gold-lacquered, tin boxes and dried 
bution} under an infra-red lamp. 
sed of In the tissues of the animals given both C“ and P®, the radioactivity 
ection; of the C'* was measured only as it was derived from choline. This was 
- time] separated as the reineckate, thoroughly washed, and counted directly as 


> | *P# was obtained once a month through the Radiation Laboratory of the Uni- 

versity of California from the Atomic Energy Commission. Since its half life is 

a oti only 14.3 days and the dose was determined on the basis of radioactivity, the actual 

and D) Mount of NaH PO, given varied somewhat. However, the stock solution furnished 

only 0.025 mg. per me. and the doses were less than 5 we.; hence the absolute amounts 
of carrier phosphate given were probably negligible. 
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described later. The accuracy of the separation was checked by attempte slate 
measurements of radioactivity of liver choline reineckate so separated fron] junds 
animals injected with P* only. But, as an extra precaution, activity df yache 
the choline reineckate was the last determination to be made in eadl ¢ the 


series of analyses. Hence time was allowed for decay of P®. meove 
The following procedures were used for the individual chemical anif patin 
radiological analyses. 


Carbon dioxide was determined gravimetrically after precipitation with] gf 9) 
barium and ammonium chlorides from aliquots of the sodium hydroxiéf | give: 
solutions in which it had been collected (10). Samples of 20 to 50 mg. ¢ ing an 
the barium carbonate were plated on aluminum disks for counting. Sef. 
absorption corrections were made according to the data of Yankwich ¢ 
al. (11). 

Radioactivity of the urine was estimated very roughly in a few test an-{ —— 
mals by counting suitable aliquots after they had been dried on alumin 
plates. Total 

Extraction of total lipide and total choline in tissues was accomplished bi} 
homogenization of weighed samples in 95 per cent ethanol, followed bh} 
ethanol-ether extraction by the method of Taurog et al. (12). Adequae | 


of this procedure for extraction of total choline was shown by checking 1 
against that of Glick (13). For separation of choline-containing and no 
choline-containing phospholipides and for analysis of the various phosph ; 
lipide fractions, aliquots of the alcohol-ether extract prepared as describe 
above were concentrated to small volume in a Claison flask, under dimir 3 


ished pressure, and taken up with light petroleum ether. 

Extraction of inorganic phosphate and of glycerophosphate was ace¢ 
lished by homogenization of weighed tissue samples with 10 per ce 
trichloroacetic acid (TCA). These homogenized samples were centrifuge 
decanted, washed with additional TCA, and the extracts made to volumj| ——— 

Analyses for total and phospholipide choline were made by the metho4 joss dh 
of Glick (13) with, respectively, aliquots of the alcohol ether and petroleut} reinec} 
ether extracts described above. Barium hydroxide was used for hydroly# determ 
The only modification introduced was the substitution of 2 ml. of 6 péftion, a 
cent ammonium reineckate for 6 ml. of 2 per cent reineckate. This gav§activit 
smaller crystals of the choline reineckate and made the plating proce the de 
more satisfactory. At least three aliquots were used for each analys liver, 
Crystals from the first were collected directly on sintered glass filters. culatio 


precipitate was dissolved in acetone, and the choline was determineGand to 
colorimetrically. A Beckman spectrophotometer with a wave-length s Fortun 
ting of 526 my, as recommended by Glick (13), was used. In serie 


Crystals from the last two aliquots were collected on disks of Whatms§ treatm 
No. 50 filter paper placed over an immersion type, sintered glass filt{present 
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ipted} olate and encircled by tightly fitting glass cylinders held in place by rubber 
fron} ands. The crystals formed a solid mat on the filter paper. They were 
ty Gi washed with n-propyl alcohol and then dried and counted. If the size 
each of the samples was kept between 1.5 and 3.0 mg. of choline, excellent 
recovery of added choline as the reineckate was found to be possible. 

/ au] Plating of samples larger than 4 mg. of choline was found to be impractical, 
_ | since the mat of crystals then tended to break loose from the filter paper. 
with self-absorption corrections for samples of this size proved negligible. Table 
‘| | gives data for replicate determinations made with two solutions contain- 
re ing amounts of labeled choline within this range. To correct for possible 


Taste I 
Attempt to Determine Self-Absorption of C'*-Methyl-Labeled Choline Reineckate 
When Plated on Filter Paper 11.4 Sq. Cm. in Area 


int Solution I Solution IT 
by doplicate determina-| specific | septate determina- | specific 
dt 
uae mg. per mg. p.m. per mg. per mg. per mg. 
aking 1.05 262 255 301 291 
283 
ng 2.10 251 256 293 292 
nit 262 291 
mit 3.15 256 256 287 289 
256 291 
| 288 
4.20 275 262 290 281 
257 275 
277 
um} —— 


‘thot loss due to crystals which stuck to the sides of the glass cylinder, the 
um reineckate on the filter papers was subsequently dissolved in acetone and 
determined colorimetrically. Errors in extraction, hydrolysis, precipita- 
) P# tion, and washing were thus eliminated from the computation for specific 
g"Factivity or counts per unit weight. Unfortunately, this was not so in 
et the determination of mg. of total and phospholipide choline per gm. of 
ly# liver. Therefore, it seemed desirable, in so far as possible, to make cal- 

culations involving the latter on the basis of means from a series of analyses, 

and to interpret results with the possibility of analytical error in mind. 
| #8 Fortunately, values for total liver choline and for phospholipide choline 

in series of rats of similar size, previous dietary history, and experimental 
ims$ treatment have proved remarkably uniform. Figures for the rats in the 
ule present study are given below. 


ch 
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The mean value obtained for total choline in the nineteen fasted rts ™ 
sacrificed at various intervals after anesthesia and intravenous injectig,§ 8 
of the tracers was 4.05 mg. per gm. of liver, with a standard deviation ¢ 
0.23; for phospholipide choline, mean, 3.78 mg. per gm. of liver, s.d. 0.25 
For thirty fed and unanesthetized rats injected intraperitoneally, the meas ff preret; 
for total choline was 3.87 mg. per gm. of liver, s.d. 0.35; for phospholipik | —— 
choline, 3.47 mg. per gm. of liver, s.d. 0.26. 

Inorganic phosphate was determined in a first set of aliquots of th 
trichloroacetic acid extract described above by Sumner’s (14) modificatic 
of the method of Fiske and Subbarow in which ferrous sulfate was usd —— 
as a reducing agent. In a second set of aliquots, phosphate was precip. 
tated as MgNH,PO,, and the specific activity was determined with the"? 
precautions for separating C™ noted earlier. Again the precipitated pho 
phate was determined colorimetrically. 

Glycerophosphate plus inorganic phosphate was determined in a thir! 
set of aliquots. The method of Burmaster (15), slightly modified, we 
used. By this method, glycerophosphate was oxidized with periodic anif + 7) 
sulfuric acids on a boiling water bath, then treated with sodium sulfite} measur 
and made up to volume. The free phosphate was then determined color-{ ** al 
metrically in one fraction, while in another fraction phosphate was pr 
cipitated as MgNH,PO, and used for determination of specific activity # tUr 
previously described. It was again necessary to determine both the total} sp, 
phosphate in the extract and that precipitated as MgNH,PO,, becausf toneall; 
when only very small amounts of phosphate are present, precipitation ma 
be incomplete. Specific activity of the glycerophosphate was calculate: 
from the difference between that of the fraction described above (gly 
phosphate plus inorganic phosphate) and that of the inorganic phospha 
alone; hence the total amounts of phosphate in these fractions, as well # 
their specific activities, had to be known. 

For analysis and fractionation of the phospholipide, the petroleum et! 
extract prepared, as described above, from the tissue sample homogenize 
in aleohol was used. Separation of the choline-containing phospholipit 
was accomplished by the procedure of Taurog et al. (12) which utili 
differential solubility in methyl alcohol. The quantities and specific 
tivities of the total and of the choline-containing phospholipide phosphate? Fy«. 
were determined after digestion with nitric and sulfuric acids in the manne atraper 
outlined above for inorganic phosphate. 


RESULTS AND DISCUSSION 

Preliminary Studics—Data for excretion of C by way of the lungs ang, te | 

kidney are presented in Table II. Excretion of labeled carbon dioxi®)..9 ou 
following intraperitoneal and intravenous injections of the labeled choli 


7 
| 


FER 
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in two additional rats is shown in Fig. 1. These data are to be considered 


ss roughly indicative of the extent to which the choline was metabolized, 
ather than as exact measurements. Differences in carbon dioxide counts 
Taste II 
Exeretion of Radioactive Carbon by Rats after Injection of C'*-Methyl-Labeled Choline 
Excretion of CO: Urinary excretion® 
| per hr. | | | 
Intraperitoneal | 12.7 
1.98 25.2 14.2¢ 
| | 14.9 4.21 
+ 1.43 $.2 | 
intravenous + anesthesiag ...... 1.74 35.2 


The values for urinary excretion of C' were obtained by direct counting of 
measured samples dried on aluminum plates. Similar measurements were made 
vith aliquots of other urines at a later time. Comparison of the data with figures 
obtained by wet combustion of replicate samples of the same urines indicates that 
the figures given above may represent only 70 to 75 per cent of the true C™ exeretion. 

t Urine was collected from the bladder of this rat only. 


} Each of these rats was given the same amount of sodium pentothal intraperi- 
toneally prior to injection of the labeled choline. 
2 
30h 
x 
Ga 10 
5 x 
WJ 
ae HOURS AFTER INJECTION 


"| Fic. 1. Comparison of excretion of labeled CO, following intravenous (@) and 


atraperitoneal (©) injection of C''-methyl-labeled choline. 


were definitely significant in relation to background at the earlier time 
intervals, but they became less so as dilution with inactive carbon dioxide 
increased. Figures for urinary excretion of C™ are to be considered approx- 
imate because of dilution and self-absorption of radiation. That choline 


- ud C“ from metabolized choline might be brought to the kidney in larger 


hate 
ll 
other 
ili 
iW 
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proportion when the dose was given intravenously than when it was gi 
intraperitoneally was further indicated by the following: 12 hours 
intravenous injection 2.54 per cent of the C™ given was found in the TC 
insoluble fraction* of the kidney, and 0.12 per cent in the TCA e 
Corresponding figures 12 hours after intraperitoneal injection were 2. 
per cent and 0.22 per cent, respectively. No reineckate-precipitable 
terial was present in the urine. 

These data seem to indicate that the rapidity of oxidation and ex 
of the C"-methyl-labeled choline is affected by the route of administrati 
and possibly also by the anesthetic necessary for the intravenous injecti 


Tasie Ill 
Distribution of C*'-Methyl-Labeled Choline in Rat Organs 24 Hours after 
Intraperitoneal Injection 


Choline | | | 
Organ No. per om | vity of 
1 0.688 2.13 49 
Heart 2 | 0.716 | 2.45 | 178 | 0.16 | 0.2°| + 
1 1.693 2.83 36 | 0.10 | 0.05 | ; 
2 1.576 | 3.74 35 | 0.12 | 0.07 |. 
Kidney 1 1.588 | 2.66 565 1.32 | 0.83 
2 1.595 | 3.02 534 1.43 0.89 
ae 1 6.322 | 3.48 | 775 | 9.43 | 1.49 
| 6.223 | 3.95 | 8.98 
Spleen 12% 1.11 455 | O34 OB 
0.559 2.07 2&8 0.18 0.32 Fie. 
Small intestines i «673 2.80 | phosph 


Whatever the explanation, it would seem that route of administratic 
must be taken into consideration in interpretation of data on turnor Meved 
time in any tissue. Measu 

Distribution of unoxidized, labeled choline in the lipide-rich organs anterva 
two rats 24 hours after intraperitoneal injection is shown in Table Illthe lal 
The relatively high specific activities of liver and kidney and intestinexpres: 
wall are in keeping with what is known of the turnover rate of phosphon the 
lipide phosphate in these organs. hate ¢ 

Comparisons of the data of Fries and Chaikoff (16) for the uptake dor eit! 
P®Q, 24 hours after injection and of these data for choline, expressed after ir 
the average per cent of administered dose per organ, are as follows: livethan th 

* Self-absorption corrections for the TCA-precipitated fraction were made wan 


ing to unpublished data of Goldsworthy, P. D., Greenberg, D. M., Peterson, E. A@4Xim 
Siekevitz, P., and Winnick, T. tompor 
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ute 5.97, choline 9.15; kidney, phosphate 0.93, choline 1.38; brain, 
‘Ishosphate 0.109, choline 0.011. However, in the experiment by Fries and 
7 ikoff (16), the P®O, was injected subcutaneously, and in the present 
ment the choline was injected intraperitoneally; there is, therefore, 
possibility that the method of administration may have resulted in a 
ifference in the uptake in liver and kidney. Other possible explanations 
_ fo be considered are that there is a more rapid uptake of choline than 
“phosphate in the lipide-rich tissue and a wider distribution of the P® than 
4 the isotopic choline in the tissues not studied. 
"| Lipide-Precursor Relationships—Specific activity-time relationships ob- 


SPECIFIC ACTIVITY X 10° 


1.4 
2 HOURS AFTER INJECTION 


0.32 Fic. 2. Specific activity-time relationships of inorganic phosphate (0), glycero- 
phosphate (4), total phospholipide phosphate (4), and the phosphate of choline- 
_....tontaining phospholipide (©) in rat livers. Measurements made after intravenous 
injection of 
ratio 
rnov mved for the various phosphate fractions in liver are shown in Fig. 2 
Measurements upon which these were based were made at the specified 
ans wntervals after intravenous injection of nineteen rats with the amounts of 
le Ilthe labeled phosphate and choline previously described. The data are 
estinéxpressed as c.p.m. per mg. of P X< 10° divided by the counts per minute 
osphon the dose. It will be seen that the shape of the curve for glycerophos- 
dhate corresponds to the specifications of Zilversmit et al. (6) for a precursor 
ake dor either of the phospholipide fractions; namely, (1) at early intervals 
sed after injection of the tracer, the specific activity of the precursor is greater 
: livethan that of the compound ; (2) when the specific activity of the compound 
al maximal, its activity is equal to that of the precursor; (3) after this 
£. AMaXimum, the specific activity of the precursor is less than that of the 
tompound. Table [TV shows the corresponding turnover time values as 


gi 
xt 
le 
‘Te 
ra 
t 
T 

25 

1.49 


764 CHOLINE AND PHOSPHATE IN LIVER 


calculated by the formula proposed by Zilversmit et al. (6). The relative 
constancy of the figures calculated over different time intervals also meet 
criteria of Zilversmit et al. for precursor-compound relationships. 

These findings are interesting in view of Zilversmit’s postulate that ; 
substance which has certain precursor characteristics may be substituted 
for the true precursor in the calculation of turnover time. 

The values used in this study were probably intermediate, as to speci-fin Fi 
ficity for glycerophosphate, between Zilversmit’s alkali-stable phosphorus} does 
(7) and the values used by Popjak and Muir (8) which were based on the} phos 


TaBLe IV 


Calculated Values for Turnover Time in Hours of Total Phospholipide Phosphorw] 
Phosphorus of Choline-Containing Phospholipide, and Phospholipide Choline | 4% 
Based on the specific activity data for the assumed precursors indicated. ° 


Time after injection 
Based on Based on Based on Based on | rer 
Ars. 
1-2 | 8.7 
2-3 | 10.2 26.2 11.6 26.9 | 21.0 
34 10.4 86 13.0 | 2.3 18.1 
4-5 | FS | G7) | me 20.0 (14.0) 
5-6 | 9.1 16.2 17.5 
10.9 (19.7) Fic. 


. Data from all the animals studied. ‘The figures i in parentheses are questic ion 
because of possible analytical errors and insufficient material to permit repetiti 
of determinations. 


very laborious procedure of Kaplan and Greenberg (17). A study @,, + 
heterogeneity of liver glycerophosphate published by Olley and Blewe 
in 1950 (18) indicates that glycerophosphate as determined by all t 
procedures may be made up of several different fractions and that, 
quently, none of the methods used can be assumed to have given ¢ 
values for the true phospholipide phosphate precursor. 

The absolute values for turnover time obtained in this study (Table I 
were longer than those reported by either Zilversmit et al. (7) for de 
(5 to 7 hours) or by Popjak and Muir (8) for fed rats (average 6.7 he 


They were, however, much shorter than the 24 hours calculated by Heve 
and Hahb (19) for liver phospholipide in relation to intracellular inorgatiy, ,,,, 
phosphate during a period of continuous tracer injection. Some possib 
causes for the differences are species (or strain) of animal, basal di 
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lative] echnique of injection, assumed precursor, and the interval after feeding 
meets} st which samples were taken. It is probably more significant that the 
hapes of the specific activity curves were similar than that the absolute 
hat a] values differed as much as they did. 
itutei] The specific activity-time relations of phospholipide and non-phospho- 
ipide choline are shown for the same group of intravenously injected rats 
speci-Jin Fig. 3. It will be noted that the curve for non-phospholipide choline 
horus} does not have Zilversmit’s characteristics for that of the ‘“‘precursor” of 
on the! phospholipide choline in that the specific activity of the non-phospholipide 
choline remains higher than that of the phospholipide choline, even after 
aia the latter has reached its maximal value. 
line | AS noted previously, the analytical accuracy of the values for non- 


SPECIFIC ACTIVITY X 10° 


HOURS AFTER INJECTION 
19.7), Fic. 3. Specific activity-time relationships of non-phospholipide choline (4) and 


pholipide choline (©) in rat liver. Measurements made after intravenous in- 
ion of C'*-methyl-labeled choline. 


hospholipide choline leaves much to be desired. The possibility must 
30 be considered that several components, such as glycerophosphocholine 
dY Enc phosphocholine, as well as unbound choline, are included in this frac- 
leWeBion. In other words, the non-phospholipide choline fraction may include 
compound which is the actual precursor of phospholipide choline. 
» separation of the components of non-phospholipide labeled choline 
s impossible with the material and methods available, it seemed desir- 
le to supplement the data given above by comparison of the logarithms 
the activity values for the different choline and phosphate fractions, 
sured over a longer period of time. 
Disappearance Studies—Measurement of the rate of disappearance of the 
Tevfsbeled choline and phosphate fractions in liver phospholipide was there- 
wee pre undertaken. For this purpose an additional series of twenty rats was 
= ped. Each rat was given, intraperitoneally, a dose of labeled phosphate 
ud one of C™-methyl-labeled choline having the same activities as those 
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given rats of the previous series. The effects of the anesthetic were thu} oy 
avoided, but, because of the necessity for observations over long period sroba 
of time, the rats were not fasted. Consequently, rat to rat variations i} tiyj 
liver lipide constituents were greater than in the intravenously injectei},, . 
rats. Means and standard deviations for total and phospholipide cholix| Tp, 
in the livers of these animals were cited in the section on procedure. 

mean value for non-phospholipide choline, expressed as mg. per liver, 
0.40 + 0.06. Fig. 4 shows the logarithms of the specific activities of ¢ 
phospholipide fractions plotted at time intervals varying from 3 to 96 hou 
after injection. The slopes for the best fitting straight lines and the inte 
cept, as determined by the method of least squares (20), are also she 
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10° 
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LOG OF THE 
SPECIFIC ACTIVITY X 


— 20 40 60 80 100 


HOURS AFTER INJECTION 

Fic. 4. Specific activity-time relationships of inorganic phosphate (O), 
phospholipide choline (A), phospholipide choline (4), and the phosphate of choli 
containing phospholipide (@) in rat liver. Measurements made after simultar 
intraperitoneal injection of P*-labeled phosphate and C'*-methyl-labeled choline. 


For the earlier periods after injection, some of the points for non-phosy 
lipide choline are (as indicated in Fig. 4) so far apart as to make the loc 
tion of that line open to criticism. Absolute values for half life compute 
from the slopes for phospholipide phosphorus and phospholipide choling 
are high (approximately 26 hours). Whether or not this calculation 
be valid may well be questioned for several reasons. The first, as note 
above, is the extent to which the data for rats of the same size and f 
ous dietary history, killed at the same intervals after injection, may Vv 
when the animals are allowed to eat at will. Apart from this, there is 
way to estimate the extent to which, when radioactive moieties of 
phospholipide molecule become separated in the course of its metabolis 
they may be reincorporated into new phospholipide molecules. Las 
the two labeled groups to be used in forming the phospholipide moleci®,;, ch 
were being given, rather than one preformed, doubly labeled phospholipi@ho}ing 


molecule, of which the rate of decay could be measured in relation to 4 (Caj¢ 


é 
the re 
pide. 
Th 
phosp 
phosp 
max! 
[ A ~ . the 
= phate 
it 
vars 
the 
LOST 
sume 

| 


M. E. TOLBERT AND R. OKEY 767 


P ths mounts of the two labeled fractions it contained. The data are therefore 
ened} obably of value chiefly as they indicate comparative rates of change of 
wtivity of the phospholipide phosphate and the phospholipide choline in 
Jectetl he same animals. 
holit} The labeled phospholipide choline reached its maximum concentration 
stan earlier period than did the phospholipide phosphate fraction. After 
1!2 hours, the slopes of the log activity lines for the phospholipide choline 
and the phospholipide phosphate became approximately equal. The earlier 
‘DOU! maximum might be due, as noted above, to a greater dilution of the labeled 
‘MMe hosphate than of the choline as a result of metabolism by tissues other 
10"M han liver or incorporation into such tissues, rather than to a difference in 
the renewal rates of the phosphate and the choline of the liver phospho- 
The specific activities of both the inorganic phosphate and the non- 
phospholipide choline remained higher than those for the corresponding 
phospholipide phosphate and choline well after the latter had reached their 
maximum values. This is in agreement with the inference drawn from 
the data on the intravenously injected rats; namely, that inorganic phos- 
hate and non-phospholipide choline are not the immediate precursors 
om which these groups are incorporated into the phospholipide. 
The similarity in the slopes shown in Fig. 4 for phospholipide choline and 
hospholipide phosphate may be taken to indicate the likelihood of similar 
1ewal rates for these phospholipide fractions. The roughly parallel slopes 
» Bor the inorganic phosphate and the non-phospholipide choline may like- 
cnet indicate that these groups were available for incorporation into the 
Jine. PLOspholipide molecule in the same proportions. On this basis it may be 
sumed that the phosphate and choline moieties of the phospholipide 
SP"molecule are being renewed at similar rates. If this is so, it seems unlikely 
> What either fraction of the liver lecithin is being regularly broken off to 
purFunction as a separate unit. This hypothesis can be verified only when 
nOmSetter methods for measurement of comparative turnover time become 
Wouvailable. 


r, 
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SUMMARY 
y V8" The radioactivity of injected C'-methyl-labeled choline isolated from 
> IS Mat tissue as the reineckate was shown to be measurable by plating and 


irect counting. Excretion of C-labeled CO, after injection of the labeled 

holine in intact rats was not excessive. Measurement of the activity of 
phe C'~methyl-labeled choline isolated from the lipide-rich tissues of several 
“Fats showed retention after 24 hours of a considerable proportion of the 

given. 

to ™ Calculation of turnover time of the phosphate of the choline-containing 
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phospholipide of liver from specific activity-time relationships of p 
and compound, for nineteen fasted rats intravenously injected with (| CY 
methyl-labeled choline and P*®-containing phosphate, with glycerophe 
phate as a precursor, gave a mean value of 10.9 hours. The similar) 
calculated mean value for total phospholipide phosphate was 8.9 hour 
Non-phospholipide choline of liver proved not to meet the criteria for 
precursor of phospholipide choline. 

Logarithmic specific activity values for liver phospholipide ph 
and phospholipide choline measured in twenty additional fed and unane Th 
thetized rats at time intervals of 3 to 96 hours after intraperitoneal inje ble 
tion are also reported. Following the first 10 hours after injection, P 
slopes for phospholipide phosphate and those for phospholipide 
were roughly parallel, as were those for inorganic phosphate and 
phospholipide choline. 
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mane! There have been several reports of compounds which structurally resem- 
iNet le purines or pyrimidines and function as antimetabolites. Woolley (1) 
oy PH demonstrated that the bacteriostatic action of benzimidazole was antago- 
nized by adenine and guanine. Roblin ef al. (2) synthesized 8-azapurines 
which exerted specific reversible antibacterial action. Kidder and Dewey 
(3) reported that the inhibition of Tetrahymena geleii by 8-azaguanine was 
reversed completely by guanine. This antimetabolite inhibited the growth 
ati of some malignant cells (4), but was ineffective against others (5). Wool- 
ley and Shaw (6) described the inhibition of microbial growth by 2-aza- 
adenine. Hitchings ef al. (7, 8) produced antimetabolites by modifying the 
ring substituents of purines and pyrimidines. 

In a review on metabolite antagonists, Roblin (9) defined a metabolite 
Chen} ss “any substance involved in the chemical processes by which living cells 
are produced and maintained.” ‘The work referred to above was per- 
formed with metabolites which function as growth factors for particular 
16, I microorganisms. We extended the study to purine and pyrimidine deriva- 
tives which served as nitrogen sources for sustaining microbiological growth. 
A number of such compounds which supported the growth of Saccharomyces 
p. cerevisiae Hansen and Torula utilis were reported previously (10).'. The 
work was extended further to the investigation of a fused ring system in 
7). | which carbon 8 of the purine ring was replaced by a nitrogen atom and 
'. nitrogen 9 was replaced by oxygen. The compound studied was diazo- 
barbiturie anhydride (5,7-dihydroxy-(1 ,2,3)oxadiazolo(5 ,4-d)-pyrimi- 
dine). Diazobarbituric anhydride, itself not a nitrogen source for yeasts, 
was tested in conjunction with the purines and pyrimidines which sup- 
ported yeast growth, and was found to antagonize only the assimilation of 
cytosine and 5-methylcytosine by S. cerevisiae Hansen. The antimetabo- 
lite is regarded as acting as an inhibitor of cytosine deaminase. 


EG  ' Di Carlo, F. J., Schultz, A. 8., and Kent, A. M., unpublished work. 
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770 DIAZOBARBITURIC ANHYDRIDE 
EXPERIMENTAL? ture 1 
Diazobarbituric Anhydride (11)—In a 100 ml. bottle, 7.15 gm. (ogs} He" 
mole) of uramil were suspended in a solution of 6 ml. of glacial acetic ac] 
and 18 ml. of water. The bottle was immersed in ice water and the con. lor s¢ 
tents were stirred vigorously throughout the addition of a solution of 3.7% and 
gm. (0.055 mole) of sodium nitrite in 30 ml. of water over a period of 3] 
(wo 1 
bydre 
Ef 
3 — 
° 
Ww 
extent 
adenos 
guanos 
acid, 1 
220 230 240 250 260 270 280 290 300 S-meth 
WAVE LENGTH IN Mu be 
Fic. 1. Ultraviolet absorption curves of (1) uramil, (2) xanthine, and (3) disse} “let, 
barbiturie anhydride in 0.1 NaOH. In 0.1 ~ HCl, diazobarbituric anhydriédf curves 
showed only one absorption peak (at 262 mg, « = 14,240), whereas xanthine had t 
peaks (at 228 my, « = 5160, and at 262 mg, « = 9680). 
ate After stirring the cold reaction mixture for an additional 3 Mic 


? Microanalyses were performed by Mr. Joseph F. Alicino, Metuchen, New Jersey} t 

* Since the completion of this work, we learned of the recent synthesis of 5,7} growt] 
dihydroxy -(1,2,3)oxadiazolo(5 ,4-d) -pyrimidine (11). In the patented procedure, were 
suspension of uramil in dilute hydrochloric acid was treated with sodium nitrite ™ Dia 
produce an 18.6 per cent yield of the oxadiazolopyrimidine melting at 270-275 
The patent states that “The compounds (oxadiazolopy rimidines) of the preses cultur 
invention are antagonistic toward guanine and inhibit the growth of microorganism@ sulfate 
which require guanine as a growth factor. They have also been found to have relate, 


effect on neoplasms.’”’ 


, 
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ture was poured into 100 ml. of water, heated to boiling while stirring, and 
iitered. The residue was washed with 25 ml. of hot water. The insoluble 
naterial (0.9 gm.) was identified as uramil. The filtrate was refrigerated 
for several hours and the precipitate of glistening platelets was collected 
und washed successively with cold water, alcohol, and ether. The dried 
product weighed 3.61 gm., 46.4 per cent of theory; m.p. 282-284°. After 
two recrystallizations from water, it melted at 285°. In 0.1 N sodium 
bydroxide, the compound displayed two absorption peaks in the ultra- 
Taste I 


Effect of Diazobarbiturie Anhydride upon Utilization of (NH ),SO, and Other 
Nitrogen Sources* by Yeasts 


(0.6 
ack 
[3.7 
of 


Per cent light absorptioat 
(NH4)sS0. Diazobarbituric anhydride 
T. utilis S. cerevisiae 

N mg. 

1.0 0-10 91 91 

1.0 20 91 86 

0.5 0-10 82 S3 

0.5 20 82 76 

0.2 0-10 66 62 

0.2 20 66 51 


*In both yeasts, 5 mg. of diazobarbituric anhydride also failed to decrease the 
extent of growth permitted by 1 mg. of N of the following compounds: adenine, 
adenosine, adenylic acid, 8-alanine, allantoin, asparagine, aspartic acid, guanine, 
guanosine, guanyliec acid, hydroorotic acid, hydrouracil, hypoxanthine, oxaluric 
acid, uracil, urea, uric acid, xanthine, and xanthosine. In 7. utilis, 5 to W mg. of 
diazobarbituric anhydride exerted no effect upon the assimilation of cytosine and 
S-methyleytosine. 

t After growth for 40 hours at 30° with shaking. 


Jingo} Violet, whereas it showed only a single peak in 0.1 Nn HCl. Absorption 
ij curves of the starting material and product are depicted in Fig. 1. 


vd 
Calculated. C 31.17, H 1.29, N 36.36 
Found. “ 30.91,“ 1.42, 36.12 


| Microbiological Testing—The composition of the basal medium was de- 
"| stibed previously (12), as were the techniques employed for the prepara- 
lersesp tion of yeast inocula and the estimation of yeast growth (13). Typical 
M 5tgrowth data for S. cerevisiae Hansen and 7’. ufilis on ammonium sulfate 
-_ were also reported earlier (10). 
Diazobarbituric anhydride was tested as a nitrogen source for the yeast 
cultures. It was furnished alone and with supplementation by ammonium 
ynise§ Sulfate. The results are presented in Table I. Pyrimidines, purines, and 
ive 4related compounds found assimilable by 7. utilis and S. cerevisiae (10)' 


772 DIAZOBARBITURIC ANHYDRIDE. 
were tested individually for antagonism by the diazo compound. Ead 
nitrogen source was furnished at a concentration equivalent to 1.0 mg. ¢ 
nitrogen per tube. The level of diazobarbituric anhydride used in th ro 
Taste II syntl 
Antagonism between Cytosines and Diazobarbituric Anhydride in Growth of | of th 
S. cerevisiae Hansen sible 
Cytosine | 
Diazobarbituric N Per cent decrease in N N Per cent N | decree 
mg. per tube mg. per mg. per iubet 
3.0 27 3.0 33 
38 | 8s 22 18.7 3.0 30 9.1 
7.5 | 21 28 15.2 
10.0 | 3.0 19 29.6 | 8.0 19 42.5 
12.5 3.0 18 Sa 14 57.6 of 
15.0 | 8.0 18 33.3 3.0 10 69.7 
| go | 2.0 35 tural 
05 20 | 2% “4.3 | 2.0 33 5.7 | subst 
10 14.3 2.0 33 5.7 has 
5.0 20 8 %.7 | 32.0 29 17.2 
75 | 20 7 | 028 | 320 18 48.6 | Poun 
| 20 | 16 | 428 | 20 16 | Di 
12.5 20 | 6 | #4 | 2.0 13 62.9 | 7. ul 
| | | @a | se 9 74.4 | onan 
| 30 35 sigh 
0.5 23.3 1.0 34 2.9 Di 
1.0 1.0 20 33.3 | 1.0 29 17.2 
2.0 1.0 17 43.3 1.0 29 17.2 | of tv 
5.0 1.0 15 50.0 1.0 29 17.2 | Simil 
7.5 | 50.0 1.0 18 48.6 assin 
0.0 | 1.0 14 53.3 1.0 17 51.5 | 5m. 
326 | 10 | 12 | @.0 1.0 @.1 Gy 
me | | @ 1.0 9 74.4 
| | me ¢ 
* 1.0 mg. of nitrogen corresponds to 2.64 mg. of cytosine. utiliz 
¢ 1.0 mg. of nitrogen corresponds to 2.97 mg. of 5-methylcytosine. the } 
screening work was 5.0 mg. per tube. The results obtained with oe 
pounds unaffected by the diazo anhydride are given in Table I. C baton! 
and 5-methylcytosine, compounds antagonized by diazobarbituric anhy er 
dride in S. cerevisiae, were studied at various concentrations and in of ey 
junction with different quantities of the antagonist; the data are presen Th 
in Table II. These metabolites were also studied in 7’. uéilis in combins; 


tion with diazobarbituric anhydride in quantities up to 20 mg. per tube. quan 
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RESULTS AND DISCUSSION 
Diazobarbituric anhydride contains a ring skeleton which has been given 
oly once before in the chemical literature. Johnson and coworkers (14) 
synthesized diazouracil anhydride, which lacks only the 5-hydroxyl group 
of the new compound. From studies with other diazo oxides (15) it is pos- 
ible that diazobarbituric anhydride does not exist as the cyclic structure 


~~ | (a), but rather as a resonance hybrid of the quinoid (b) and betaine (c) 


co we we © 


| 


bins: 
be. 


structures shown in the accompanying diagram. 
OH OH OH 


N 
, 


N; N 
(a) (b) (e) 


Of the natural purines and pyrimidines, xanthine bears the closest struc- 
tural resemblance to the new barbituric acid derivative. The hydroxyl- 
substituted pyrimidine moiety is identical in both compounds, but xanthine 
has a fused imidazole ring whereas the diazo compound contains a fused 
1,2,3-oxadiazole system. Ultraviolet absorption data for these com- 
pounds in alkaline and acidic solutions are compared in Fig. 1. 

Diazobarbituric anhydride did not serve as a nitrogen source for either 
T. utilis or S. cerevisiae Hansen. It did not inhibit the growth of T. utilis 
on ammonium sulfate. A large quantity (20 mg.) was necessary to cause 
sight inhibition of S. cerevisiae on ammonium sulfate. 

Diazobarbituric anhydride did not interfere with the usual utilization 
of twenty-one purines, pyrimidines, and related compounds by T’. utilis. 
Similar testing of the diazo oxide with the ten of these compounds found 
assimilable by S. cerevisiae revealed antagonism only toward cytosine and 
+-methyleytosine. 

Cytosine deaminase exists in yeasts (16, 17). The findings that only 


}| one of the 3 nitrogen atoms of cytosine and of 5-methylcytosine can be 


utilized for growth by S. cerevisiae Hansen were interpreted as indicating 
the presence of the enzyme in this particular yeast culture (10).' It is 
believed that cytosine deaminase converts cytosine into uracil and 
+-methyleytosine into thymine, liberating ammonia for yeast growth. The 
interference of diazobarbituric anhydride with the multiplication of S. 
cerevisiae on cytosine and 5-methyleytosine is attributed to the inhibition 
of cytosine deaminase. 

The growth data in Table IT revealed different patterns of antagonism 
for cytosine and 5-methyleytosine. Cytosine was more sensitive to small 


quantities of diazobarbituric anhydride, whereas 5-methyleytosine was 
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more extensively antagonized by the greater amounts of diazobarbitur: 
anhydride. This difference may reflect the presence of two enzyme: 
namely, cytosine deaminase and 5-methylcytosine deaminase. 


SUMMARY 


Diazobarbituric anhydride, which contains a fused 1 ,2,3-oxadiazol. 
pyrimidine ring system, was synthesized. It was tested in conjunctic 
_ with all of the purines, pyrimidines, and related compounds known to serv 

as sources of nitrogen for Torula utilis and Saccharomyces cerevisiae Hansen 
Its only effect was antagonism of the assimilation of cytosine and 5-methy. 
cytosine by S. cerevisiae. The data were interpreted as indicative of inhi. 
bition of cytosine deaminase. 
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METABOLISM OF PYRIMIDINES BY A SOIL BACTERIUM* 


By T. P. WANGT anv J. O. LAMPEN 


‘From the Department of Microbiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, September 17, 1951) 


The study of the metabolism of pyrimidines was started at the beginning 
of this century. Steudel in 1901 (2) fed various pyrimidine compounds 
to dogs and with uracil and thymine found an increase in urea excretion. 
Since then, work on this problem by animal feeding experiments has been 
carried out in several laboratories (3-5). From his results, Cerecedo (6) 
postulated the following pathway for uracil degradation in the dog. 


Uracil —- isobarbituric acid — isodialuric acid — oxaluric acid — urea + oxalic acid 


A bacterium which can utilize uracil, cytosine, thymine, or barbituric 
acid as the sole source of C and N for growth has been isolated from soil 
by enrichment culture techniques. Results of the study of the metabolism 
of pyrimidines by this organism are presented in this and the following (7) 
communication. 

EXPERIMENTAL 


Isolation and Characteristics of Organisms—A sample of soil was covered 
with a thin layer of solution containing 0.2 per cent of uracil and 0.025 
per cent of yeast extract in an open Erlenmeyer flask. After turbidity 
appeared in the supernatant, the culture was transferred to another flask 
containing the following (per liter of distilled water): CaClh,-2H,O, 37.5 
mg.; H,;BO;, 229 mg.; ZnSO,-7H.O, 176 mg.; 11.1 mg.; 
FeSO,-7H2O, 11 mg.; MnSO,-4H,O, 12 mg.; CuSO,-5H,0, 5 mg.; CoSO,, 
5.3 mg.; KzHPO,, 100 mg.; MgSO,-7H,0O, 1 gm.; versene, 500 mg.; and 
uracil, 2 gm. The solution was adjusted to pH 6.8 to 7.0 with n KOH. 
This medium is adapted from one suggested by Dr. S. H. Hutner of the 
Haskins Laboratories, New York. Several transfers were made in a simi- 
lar manner. Finally, by streaking the culture on an agar plate, several 
pure strains of bacteria were obtained. 

*This paper is based upon work performed for the Biological Department, 
Chemical Corps, Camp Detrick, Frederick, Maryland, under contract No. W-18-064- 
OM-241 with Western Reserve University. A preliminary report of this work was 
made at the annual meeting of the American Society of Biological Chemists at Cleve- 
land, Ohio, May, 1951 (1). 

t Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland. 
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One of the strains (U-1) was used in this study. It is a motile, Gram. 
positive, non-sporulating rod which grows well at 30° and pH 6.8 to 76 
Good growth can be obtained on a variety of organic nitrogenous sub- 
stances such as peptone, nutrient broth, casein hydrolysate, etc., but mueb 
poorer growth occurred on media containing carbohydrates and NH,Cle 
asparagine. ‘The organism produces neither acid nor gas from glucose, 
lactose, sucrose, maltose, mannitol, or starch. Strain U-1 has little or m 
urease activity; ability to form H;S is also lacking. It liquefies gelatir 
but does not clot milk. Litmus is slowly decolorized by this organism 
It is therefore tentatively classified as Bacterium sp. 

Materials—The following compounds were donated by various persons, 
to whom the authors wish to express their gratitude: 1l-ethyluracil,' } 
ethyluracil, 6-methyluracil, 6-methylhydrouracil, and 6-propyluracil from 
Dr. G. Anderson of the American Cyanamid Company, Stamford, Con 
necticut; 2,4-diaminopyrimidine sulfate from Dr. G. B. Brown of the 
Sloan-Kettering Institute for Cancer Research, New York; 1-methyluraeil, 
3-methyluracil, 1,3-dimethyluracil, 5-methyl-6-hydroxypyrimidine, and 
isobarbituric acid from Dr. G. H. Hitchings of the Wellcome Research 
Laboratories, Tuckahoe, New York; thymine glycol, dialuric acid, and 
2-hydroxy-4 ,6-diaminopyrimidine from Dr. C. E. Carter of the Depart- 
ment of Medicine, Western Reserve University ; thymine-6-carboxylic acid 
from Dr. W. H. Prusoff of the Department of Pharmacology of this school; 
thymidine from Dr. L. A. Manson of this laboratory ; and versene (ethylene 
diaminetetraacetic acid) from the Bersworth Chemical Company, Framing: 
ham, Massachusetts. The other pyrimidine and purine compounds wer 
commercial products. Oxaluric acid was prepared by the procedure o 
Biltz and Schauder (8). Urease, in the form of jack-bean meal, was ob 
tained from The Arlington Chemical Company, Yonkers, New York. 

Stock Cultures—Stock cultures were kept on agar slants containing uracil, 
versene, and salts as listed before, plus 2 per cent of agar. After incubat- 
ing at 30° for 48 hours, the slants were stored at 5-7° and transferred 
once every 2 months. 

Preparation of Resting Cells—The inoculum was prepared by introducing 
cells from the agar slant into 10 ml. of medium in a 5O ml. Erlenmeyet 
flask. At the end of 24 hours, this culture was added to a liter of the same 
medium in a 4 liter Erlenmeyer flask which was aerated by continuow 
shaking for 24 hours. All cultures were incubated at 30°. The cells wer 
then harvested by centrifugation and washed once with distilled water. 
The yield of wet cells was usually 2.5 gm. per liter. The cells were thes 
suspended in 0.1 m phosphate buffer (pH 7.0) to about 250 mg. of wet 
cells per ml. 

! The numbering of the pyrimidine ring employed here is that presently accepted 
by Chemical Abstracts. The older system was used in our preliminary note (1). 
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Manometric Studies—Activity of resting cells on pyrimidines and other 
compounds was followed by measuring the oxygen uptake in the Warburg 
respirometer in the presence of alkali in the center well. All experiments 
were performed in a 0.05 m phosphate buffer (pH 7.0) at 30°. In some 
experiments the CO, produced during oxidation was measured by the 
“direct method,” as described by Umbreit (9). All values have been 
corrected for endogenous changes. 

Analytical M ethods—Ammonia was determined by aerating it into stand- 
ard acid and then titrating the excess acid. Urea was determined by 
incubating the solution with urease (10), followed by aeration as in the 
ease of ammonia determination. Fatty acids between C; and C., were 
determined by the method of Yale and Bueding (11), keto acids according 
to Friedemann and Haugen (12), lactate by the procedure of Barker and 
Summerson (13), and desoxy sugar according to Stumpf (14). Most of 
the spectrophotometric determinations were carried out with the Beckman 
spectrophotometer, model DU. The examination of cell suspensions for 
cytochrome absorption bands was made with the Hilger spectrometer. 


Results 


Several compounds have been tested in place of uracil as the source of 
Cand N for growth. The results are summarized in Table I. 

It is interesting to note that good growth was obtained with all three 
nucleic acid pyrimidines and with barbituric acid. Isocytosine, though 
structurally close to cytosine, gave much poorer growth. Orotic acid has 
been reported to be a precursor of the nucleic acid pyrimidines (15, 16), 
but it also supported only rather poor growth. Apparently this organism 
cannot decarboxylate orotic acid to uracil at any significant rate. Of the 
two purines tested, hypoxanthine gave some growth, whereas adenine was 
completely inactive. In addition, this organism does not grow with oxalu- 


AER" 


rie acid, which was postulated by Cerecedo (6) as one of the intermediates 

in the degradation of uracil in the dog. Urea, the end-product of the 

degradation of pyrimidines in animals, supports growth to a slight extent. 
analogues, thiouracil and thiothymine, were completely inactive. 

The ability of resting cells of strain U-1 to oxidize various pyrimidine 
compounds has been tested with the Warburg respirometer. These data 
are presented in Table II. 

Several significant features of the results may be pointed out. (a) Most 
of the 1-substituted compounds were either inactive or only oxidized 
slowly. However, 1-desoxyribosylthymine (thymidine) was oxidized read- 
ily after an initial lag period. Analysis of the reaction mixture after oxi- 
dation showed that both the thymine and the desoxyribose moieties had 
disappeared completely. Separate experiments (7) have shown that this 
organism possesses a pyrimidine nucleoside phosphorylase which acts on 
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thymidine much more rapidly than on uridine or cytidine. (6) When th 
hydroxyl group on position 2 was replaced by a hydrogen atom or » 
amino group, the rate of oxidation decreased sharply. (c) The presene 
of a substituent such as a methyl or ethyl group on position 3 did ne 
affect the rate of oxidation to a great extent. (d) Oxygen uptake occurred 
whether a hydroxyl group (uracil) or an amino group (cytosine) was pre 
ent on the 4 position. However, evidence has been obtained that cytosin 
was first deaminated to uracil, which was then oxidized. This will & 
discussed shortly. (e) All 5-substituted compounds of uracil or cytosiy 
can be readily oxidized by this organism. (f/) Compounds with a substit. 
uent on position 6 were oxidized only to a very slight extent with the sob 
exception of barbituric acid. In barbituric acid position 6 carries a by- 
I 
Growth Tests of Strain U-1 
All substrates were present in a concentration of 0.2 per cent in addition to ver 


sene and salts as indicated in the text. Time, 48 hours. 

Substrate Growth Substrate Growth 
Uracil ++++ Urea + 
Thymine ++++ “+ oxalic acid + 
Cytosine ++++ Adenine - 
Barbituric acid ++++ Hypoxanthine + 
Isocytosine + Thiouracil - 
Orotic acid + Thiothymine - 
Oxaluric acid 


droxyl group, whereas in all other compounds tested carbon 6 is linked t 
another carbon (or nitrogen) atom. ‘This suggests that oxidation of 
pyrimidine ring may begin at this position. (g) The double bond struc 
ture between C,; and C, is important. When the double bond has bee 
saturated, the resultant compound was either not oxidized or oxidized mueb 
more slowly than the corresponding unsaturated compounds. 

The lack of oxygen.uptake with alloxan does not necessarily indie 
that alloxan cannot be oxidized by this organism. According to Patterso: 
et al. (17), the half life of alloxan at pH 7.4 and 37° is only 0.9 minute 
Under the conditions used in this experiment, alloxan may have already 
changed to another compound before oxidation by the bacteria cot 


It was suggested previously that position 6 may be the site of the init 
oxidation of the pyrimidine ring. Another indication that this might! 


so came from experiments with 5-aminouracil. When this compound ws ; 


oxidized, the contents of the Warburg cup quickly turned pink. 
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Taste Il 


Oxidation of Pyrimidine Compounds by Resting Cells of Strain U-1 


6-Hydroxyuracil (barbituric acid) 
Thymine-6-carboxylie acid 
2-Hydroxy-4, 6-diaminopyrimidine 
Dihydrothymine 
§Methylhydrouracil. 

Thymine glycol 

Alloxan 


eeee 


Each cup contained 15 to 20 um of substrate and 100 mg. of wet cells in a total 
volume of 2.0 ml. of 0.05 « phosphate buffer (pH 7.0). 
a4 
HOC CH 
"2s | 
N—CH 
Uracil 
| Oxygen uptake, wm per pt substrate 
Substrate 
| 1 be. 2 hrs. 
a= 0.88 1.02 
1-Methyluracil. 0 0 
|-Ethyluracil _. 0.06 0.11 
Uridine... 0.05 0.10 
Cytidine . . 0.03 0.12 
Thymidine . 0.70 1.37 
0.15 0.26 
24-Diaminopyrimidine....... 0 0 
$Methyl-6-hydroxypyrimidine 0 0 
}-Methyluracil 0.21 0.55 
0.50 0.97 
1,3-Dimethyluracil . . 0.16 0.26 
Cytosine...... 0.62 1.01 
Thymine.._.. | 1.78 1.85 
5-Aminouracil | | 0.86 1.14 
SNitrouracil. | 1.30 1.62 
$Hydroxyuracil acid). | 1.11 1.39 
1.24 
0.08 0.19 
6-Propyluracil .. 0.09 0.20 
Orotic acid .. 0 0 
0.69 0. 
0 0 
0 0 
0. 0. 
0 0 
0 0 
0 0 
0 0 
0 0 


removing the cells by centrifugation, the supernatant solution was examined 
in a spectrophotometer. It had an absorption spectrum like that of 
murexide with absorption maxima at 245, 320, and 520 mg. Other indi- 
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cations that this pink substance is murexide (see the accompanying strue. 
ture) are its insolubility in ether and its instability in acid. 
O 
N—CH N—C=O 
ONH, 
5-Aminouracil Murexide 
It is evident that the conversion of 5-aminouracil to murexide involves ap 
oxidation of the pyrimidine ring at position 6. 


800 
400} 
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0 2 


Fic. 1. Oxidation of uracil, cytosine, and thymine by resting cells of a soil bae- 
terium, strain U-1. O, endogenous; X, uracil; 4, cytosine; @, thymine. See Table 
III for the experimental details. 

Since uracil, cytosine, and thymine occur in nucleic acids, the onidatial 
of these compounds is of special importance. A more detailed experiment 
was thus performed with these compounds. The time-course of oxyget 
uptake is presented in Fig. 1. Oxidation of each substance begins without 
any lag period. With uracil and thymine there is an initial rapid oxyget 
uptake; about | mole of oxygen is consumed per mole of uracil and almost 
2 moles of oxygen per mole of thymine in this period. Samples taken # 
this time showed no significant ultraviolet absorption when examined spec 
trophotometrically. The rate of oxidation of cytosine is slower than that 
of uracil, but the total oxygen uptake approaches that with uracil afte 
about 2 hours. This suggested that cytosine might be deaminated 
uracil and the uracil then oxidized. In a separate experiment cytosine 
was incubated with the cells under a gas phase of helium for 2 hour 
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When the incubation mixture was examined spectrophotometrically, the 
spectrum of uracil was observed. Thus deamination of cytosine to uracil 
is probably the first step in the degradation of this pyrimidine compound. 

A balance study of the oxidation of uracil, cytosine, and thymine is 
presented in Table III. In general, about 60 to 70 per cent of the C and 
N can be accounted for as CO, and NH;. It is interesting to note that 
an extra mole of NH; was formed from cytosine. This agrees with the 
previous suggestion that cytosine is deaminated to uracil, which is then 

Barker (18) and Clifton (19) have presented evidence that assimilation 
may accompany oxidation by washed cells of microorganisms. Since not 
all the C and N can be recovered as CO, and NHs;, attempts to demon- 
strate assimilation were therefore made by adding 2,4-dinitrophenol or 


Taste III 
Oxidation of Uracil, Cytosine, and Thymine by Resting Cells of Strain U-1 
Each cup contained 100 mg. of wet cells and substrate in a total volume of 2 ml. 
of 0.05 st phosphate buffer (pH 7.0); temperature, 30°; time, 4.25 hours. The re- 
sults are given in micromoles per micromole of substrate. 


Substrate* | Amount | On uptake produced | produced 

wid 18.0 1.27 2.80 1.43 
Cytosine.......... | 1.51 3.08 2.54 
16.1 2.01 3.07 1.50 


* Substrate disappearance (by spectrophotometric measurements) was complete 
in each instance. 
sodium azide to the reaction mixture. In the presence of 2 XK 10~ to 
2X 10-* m dinitrophenol, the oxygen uptake (both rate and total uptake) 
was either less than or essentially the same as that in the absence of dini- 
trophenol. Similar concentrations of azide had no significant effect. With 
4X 10° or 10°* m azide the total oxygen uptake and CO, production 
increased 15 to 25 per cent. These concentrations of dinitrophenol in- 
hibited oxidation almost completely. From the data of the experiments 
with sodium azide it appears that at least a part of the missing C and N 
has been incorporated into cell material. 

Urea, lactate, and fatty acids between C, and C, were absent in the 
reaction mixture. Since strain U-1 contains little or no urease, the absence 
of urea among the products indicates that the ureido structure is not 
released as a unit during the oxidation and shows that the NH; formed 
does not arise by way of urea. In the experiment with thymine, a very 
small amount of keto acid resembling a-ketoglutaric acid has been demon- 
strated. It is possible that the oxidation of the carbon chain of the thy- 


ruc- 
PS ab 
é 


782 METABOLISM OF PYRIMIDINES 


mine ring may eventually merge with the general pathway of termind 
oxidation. 

Smaller carbon compounds such as acetate, pyruvate, malonate, gly. 
cine, and glycolate all can be oxidized by this organism. This seems t 
strengthen the belief that the oxidation of the carbon chain of thymin 
may follow the general pattern of terminal oxidation. The oxidation ¢ 
malonate by this organism is interesting, but it is by no means unique, 
since it has been demonstrated in several other biological systems (20, 21). 

When thymine was used in place of uracil as the source of C and X. 
cells were obtained which had about the same ability to oxidize uracil and 
thymine as did those raised on uracil. Cells grown on nutrient broth 
on a vitamin-free casein hydrolysate attack uracil more slowly than do 
cells grown on uracil itself, but oxidation begins at once and at the max- 
mum rate. It would seem, therefore, that the uracil-oxidizing system i 
always present in this organism, although the absolute level of enzymatie 
activity may vary with the nutrients supplied. 

When a uracil solution was added to a cell suspension, absorption band: 
appeared at 550, 563, and 603 my, corresponding to the a-bands of reduced 
cytochromes c, b, and a, respectively. Thus, like other aerobic bacteria, 
strain U-1 contains the important oxidative carriers, the cytochromes 
Since the bands were observed only after the addition of uracil, it is prob- 
able that the cytochromes participate in the chain of electron transport 
involved in uracil oxidation. 


SUMMARY 


An aerobic bacterium that can utilize uracil, cytosine, thymine, or bar- 
bituric acid for good growth has been isolated from soil. Some character 
istics of this organism (strain U-1) have been studied and the organism 
tentatively characterized as a Bacterium sp. 

The oxidation of various pyrimidine compounds with the resting cel 
of this organism has been tested. The data indicate that position 6 ¢ 
the ring is involved in the initial step of the oxidation. 

Oxidation of uracil, cytosine, and thymine has been studied in some 
detail. Only 60 to 70 per cent of the C and N was recovered as CO, ané 
NH;. No significant amount of other decompdsition products has beet 
demonstrated. Some evidence for assimilation was obtained from exper 
ments with sodium azide. Cytosine is not oxidized directly but is deam- 
nated to uracil which is then oxidized. 

Cytochromes have been observed in this organism. 
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URACIL OXIDASE AND THE ISOLATION OF BARBITURIC 
ACID FROM URACIL OXIDATION* 


By T. P. WANGt anv J. O. LAMPEN 


(From the Department of Microbiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, September 17, 1951) 


In the accompanying communication (2), the oxidation of various 
pyrimidine compounds with resting cells of an aerobic soil bacterium (strain 
U-1) was described. Cell-free extracts which will catalyze the oxidation 
of uracil in the presence of methylene blue and oxygen have been prepared 
from this organism. Barbituric acid has been identified as the oxidation 
product of uracil under these conditions. 

EXPERIMENTAL 

Most of the methods and materials used in this study were those de- 
sribed in the previous paper (2). Cell-free extracts were prepared by 
two methods. (a) Cells were ground with Alumina A-303' according to 
Mellwain (3). The alumina-cell paste was extracted with 4 ml. of 0.1 m 
phosphate buffer (pH 7.0) per gm. of initial wet cells. The insoluble 
residue was then removed by centrifugation at 20,000 < g for 30 minutes. 
(b) Cells were suspended to a concentration of about 1 gm. per 4 ml. of 
the phosphate buffer and disintegrated for 30 minutes in a magneto-stric- 
tion sonic oscillator, type R-22-3, Raytheon Manufacturing Company. 
The cell débris was removed by centrifugation as in (a). 


Results 


The rates of oxidation of uracil by the two types of extracts were essen- 
tially the same. Oxidation did not take place when uracil was incubated 
with the extract in the presence of oxygen without methylene blue as the 
carrier. The results of a typical experiment are shown in Table I. 

It was observed in the previous study (2) that only pyrimidines with 
certain structural requirements can be oxidized by the resting cells of 


* This paper is based upon work performed for the Biological Department, Chemi- 
tal Corps, Camp Detrick, Frederick, Maryland, under contract No. W-18-064-OM-241 
with Western Reserve University. A preliminary report of this work was made at 
the annual meeting of the American Society of Biological Chemists at Cleveland, 
Ohio, May, 1951 (1). 

t Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland. 

‘Aluminum Company of America, Pittsburgh, Pennsylvania. 
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strain U-1. This could be the result of a true relation between the stry. 
ture and the oxidizability of a compound or it might be a matter of perme 
ability of the cell wall. This problem could not be unequivocally answer 
from the data presented previously (2). That experiment was, therefor 


repeated with the extract in place of the whole cells to avoid the problen}, 


of permeability. Compounds tested were so chosen that each represente! 
a change on a single position of the pyrimidine ring. The results ar 
presented in Table II. 

Several interesting points came out of this experiment. (a) Both urae 
and thymine are oxidized by the extract. In addition, there is a stoichio 
metric relationship between the oxygen uptake and the amount of bas 
oxidized, 1 atom of oxygen being consumed per mole of base disappearing 
(b) Cytosine can be oxidized by the whole cells but not by the extract 
When the reaction mixture was examined spectrophotometrically afte 
incubation, the spectrum observed was still that of cytosine. Thus th 
extract does not oxidize cytosine and does not contain cytosine deaminase 
This is in agreement with the suggestion in the previous report (2) that 
cytosine is first deaminated to uracil and the latter compound then oxidized. 
The absence of cytosine deaminase in the extract is thus the factor pre 
venting oxidation of cytosine. (c) Those compounds which were no 
oxidized by the whole cells (or oxidized to a very slight extent) were als 
not oxidized by the extract. Thus the limiting factor in the oxidation ¢ 
these compounds by resting cells is not permeability of the cell membranes. 
The observed specificity must then represent a true relation betwees 
structure and oxidizability. (d) 3-Methyluracil, barbituric acid, and dihy- 
drothymine, which were oxidized by the whole cells, were not oxidized by 
the extract. Barbituric acid was found later to be the end-product of the 
oxidation of uracil by the extract. The fact that 3-methyluracil was not 
oxidized here suggested that a preliminary demethylation might be neces 
sary for the oxidation of this compound. However, in a separate exper 
ment in which 3-methyluracil was incubated with the extract and methyl 
ene blue in the presence of an equimolar quantity of homocysteine, no 
oxygen uptake was observed. The system responsible for the oxidation 
of these compounds was apparently not present in the extract. 

When the reaction mixture after oxidation of uracil was examined in 
the Beckman spectrophotometer, a spectrum different from that of uracil 
was observed (Table ITT). 

For isolation of the oxidation product 50 mg. of uracil were incubated 
with 10 ml. of a sonically prepared extract and 10 ml. of m/30 methylene 
blue in a total volume of 40 ml. of 0.05 m phosphate buffer (pH 7.0). The 
reaction was stopped with 4 ml. of 22 per cent HClO, as soon as oxyget 
uptake ceased. The proteins and most of the methylene blue were pre 
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TaBLe I 
Activity of Extracts with or without Methylene Blue 
Each cup contained 8.7 us of uracil, 0.2 ml. of the extract, and 0.2 ml. of /30 
methylene blue in a total volume of 2.0 ml. of 0.05 m phosphate buffer (pH 7.0). 


Oxygen uptake, wm per »M uracil 
Extract On + methylene blue 
80 min. 20 min. 40 min. 80 min. 
slemina 0 0.17 0.30 0.53 
0 0.17 0.29 0.49 
Taste II 


Oxidation of Pyrimidines by Cell-Free Extracts 
Unless otherwise indicated, each cup contained 9 um of substrate, 0.3 ml. of alu- 
mina-ground extract, and 0.2 ml. of m/30 methylene blue in a total volume of 1.0 
ml. of 0.05 m phosphate buffer (pH 7.0). Time, 100 minutes; temperature, 30°. 


Substrate Oxygen uptake Substrate Oxygen uptake 

Uracil (9 um) 4.4 Thymine (9 um) 4.4 

(6 3.0 | (6 3.0 

Cytidine 0 §-Aminouracil 4.2 
Isocytosine 0 6-Methyluracil 0 
3-Methyluracil 0 Barbituric acid 0 
Cytosine 0 Thymine-6-carboxylic acid 0 
Dihydrothymine 0 

Taste III 


Spectra of Uracil and Its Oxidation Product 
0.2 ml. samples of the perchloric acid filtrate, neutralized with KHCO;, were 
adjusted to various reactions with 2.8 ml. of 0.01 x HCl, 0.1 m phosphate buffer 
(pH 7.0), and 0.01 x NaOH, respectively. 


Absorption maxima, my 
Compound 
Acid Neutral Alkaline 
| 
Uracil (Ploeser and Loring (4)).... 258 259 284 
Oxidation product. ............... 257 .5 257 259 


cipitated by this treatment and removed by filtration. The filtrate was 
neutralized with KHCOs and stored at 5-7° for 2 hours. The precipitate 
of KCIO, was removed by filtration and the filtrate was lyophilized. 

The residue was dissolved in a small volume of 0.2 m NH,CI-NH,OH 
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buffer (pH 10) and the solution was passed through a column (2.4 9 gatio 
em. by 28 cm. high) of Dowex 1 (chloride form). The column was washel gtivi 
with the same buffer and the effluent was collected in 20 ml. portion | hawi 
All portions were examined in the Beckman spectrophotometer at 260 anf The 
280 mu in order to locate the ultraviolet-absorbing materials. A plot of gumi 
absorption values at 260 my versus the volume of the effluents is show] ™ an 
in Fig. 1. The first peak in this diagram has not been identified, the of the 
second peak consists of uracil, and the main peak is the oxidation product} throu 

The effluents corresponding to this main peak were then combined ané] yracil 
evaporated to dryness under reduced pressure. The dried residue wa} proof 
extracted with ethanol and the ethanol fraction, after evaporation of th] Itv 


150; to po 
taf 7 (2). 

6 467 
3: 1070 
5= 137 
525 = 

7s 

3 

2 

Thym 
Uridin 
Cytidi 

.¢] 200 400 600 800 1000 — 

EFFLUENT (ML.) 

Fic. 1. Separation of the oxidation product of uracil by the anion exchanger} and ¢ 
Dowex 1 (see the text for experimental details). Flow rate, 1 ml. per minute. | inaf 
solvent, was again extracted with ether. These processes were repeatel after 
several times. A crystalline compound which melted at 250-251° (uncor on 


rected) was obtained. A mixture of the oxidation product and barbiture 
acid melted at the same temperature. The compound was dissolved seps 
rately in 0.01 n HCl, 0.01 n NaOH, and 0.1 m phosphate buffer (pH 7.0) 


and the solutions were examined in the spectrophotometer. The As 
tion maxima were identical with those given in Table III for the oxidatice! "le 
product. The three spectra resembled very closely those of barbiturr nucle 
acid (5). It is, therefore, concluded that the oxidation product from urad sa 
is barbituric acid. The uptake of oxygen actually observed, i.e. 1 Tn 
of oxygen per mole of base, is that expected for such an oxidation. | 
failure of the extract to oxidise barbituric acid is also in agreement wily 
its identification as the end-product in this system. 'T 


Extracts prepared either by grinding with alumina or by sonic disinte} 5osto 
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D4 af gation are not very stable even when stored at —20°. 80 per cent of the 
‘asheiil ytivity in uracil oxidation was lost in about 2 months. Freezing and 
‘tion. | thawing, however, did not appreciably affect the activity. 

0 ani The pyrimidine-oxidizing enzyme has been partially purified from an 
lot of slumina-ground extract by a combination of MnCl, treatment, adsorption 
how on and elution from alumina Cy,? and (NH,)3SO, fractionation. The ratio 
1, thi of the rate of oxidation of uracil to that of thymine remained the same 
oduct. throughout the various purification procedures. This suggests that both 
d and} uracil and thymine are oxidized by the same enzyme, although the final 
® wall proof of this point must await further experimentation. 

of thi It was noted in the experiments with resting cells that strain U-1 appeared 
to possess a pyrimidine nucleosidase acting preferentially on thymidine 
(2). This possibility was studied with the extract. Thymidine, uridine, 


TaBLe IV 
Nucleoside Phosphorylase of Strain U-1 
Each tube contained 20 um of substrate and 0.5 ml. of extract in a total volume 
of § ml. of 0.02 mu phosphate buffer (pH 7.0). 


Reducing sugar Free pyrimidine 
Substrate 
Ba-Zn filtrate HC10, filtrate filtrate 
aM wat 
0 7.67 8.05 


anger} and cytidine were incubated separately with the alumina-ground extract 
e. | ina phosphate buffer at 30° (Table IV). Samples taken at zero time and 
mixture. Reducing sugar was determined by Nelson’s method (6) and 
the free pyrimidines by measuring the absorption at 300 my in alkali (7). 
The pyrimidine nucleosides do not show significant absorption under these 
conditions. 

As shown in Table IV, the cell-free extract does contain a pyrimidine 
.-) hucleosidase which acts more rapidly on thymidine than on the other 
— nucleosides. Reducing sugar was found only in the HCIOQ, filtrates and 
not in the Ba-Zn filtrates. This indicates that the sugar formed from the 
nucleosides was in the form of phosphate esters and not in the free form. 
Thus, the cleavage is phosphorolytic and the enzyme is a nucleoside phos- 
phorylase. The amounts of free pyrimidines formed agreed with the data 


*This was kindly supplied by Dr. H. Z. Sable, Tufts College Medical School, 
Boston, Massachusetts. 
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for reducing sugar within experimental error. This supports the belief 
that a nucleoside phosphorylase is present in this organism. 


DISCUSSION 
Since methylene blue is necessary for the oxidation of uracil to bar. 
bituric acid and 1 atom of oxygen is consumed per mole of uracil disappear. 
ing, the accompanying reactions are suggested as the mechanism of this 
oxidation. 


N=C—OH N=C—OH 
H 
HOC CH + {| CH — HOC CH 

| OH 

N—CH N—CH H N—C—OH 
OH 

Uracil Barbituric acid 


Methylene blue + 2H — leucomethylene blue. 
Leucomethylene blue + 40; — methylene blue + H,O 
The over-all reaction in the extract may be represented by 
Uracil + 40: — barbituric acid 


In accordance with the usual terminology, the name “uracil oxidase” is} 


proposed for the enzyme that catalyzes the oxidation of uracil to bar 
bituric acid. 

Cerecedo suggested, on the basis of feeding experiments with the intae 
animal, that uracil was oxidized to isobarbituric acid and this compound 
to urea and oxalic acid (8). Our data show that this conversion did no 
occur to a significant extent in the soil bacterium studied here. Hayaishi 
and Kornberg (9) have also obtained barbituric acid from uracil oxidation 
by strains of Corynebacterium and of Mycobacterium. They suggested that 
5-methylbarbituric acid is the oxidation product of thymine. Thus the 
pathway via barbituric acid may be of general importance. Whether « 
not the mechanism of uracil oxidation in bacteria is different from that 
occurring in animals cannot be decided at present. 


SUMMARY 


Cell-free extracts have been prepared from the soil bacterium, strain U-l 
In the presence of methylene blue and air, these extracts catalyze the 
oxidation of uracil and thymine with the uptake of 1 atom of oxygen 
mole of base. Other 5-substituted uracils can also be oxidized by t 
extracts under these conditions. Cytosine, on the other hand, cannot & 
oxidized by these extracts, since they do not contain cytosine deamina®. 
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Barbituric acid has been isolated from the reaction mixture after uracil 
oxidation. The mechanism of the reaction is discussed and the name 
“uracil oxidase”’ is proposed for the enzyme catalyzing this oxidation. 

These cell-free extracts contain a pyrimidine nucleoside phosphorylase 
which acts more rapidly on thymidine than on uridine or cytidine. 
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ON THE PROTEOLYTIC ENZYMES OF ANIMAL TISSUES 


X. BEEF SPLEEN CATHEPSIN C* 


by HARRIS H. TALLAN,t MARY ELLEN JONES,} ann JOSEPH 8. FRUTON 
(From the Department of Physiological Chemistry, Yale University, New Haven, 
Connecticut) 
(Received for publication, September 19, 1951) 


It has long been known that aqueous extracts of various animal tissues 
spleen, kidney, liver, etc.) exhibit proteinase activity, which was assigned 
to an intracellular enzyme named cathepsin (1). The finding of peptide 
derivatives which serve as substrates for well defined proteinases (pepsin, 
trypsin, chymotrypsin) led to the use of these synthetic compounds for 
the study of the proteolytic activity of animal tissues (2), and to the 
recognition that a single tissue may contain separate proteinases (endo- 
peptidases) in addition to several exopeptidases. Accordingly, in 1941, a 
dassification of the then known intracellular proteolytic enzymes was pro- 
posed (3); the designations assigned to these enzymes (cf. Table 1) appear, 
however, to have outworn their usefulness and it is desirable, therefore, 
to consider a revision in the nomenclature. In what follows, the term 
“cathepsin’”’ will be applied only to those intracellular enzymes, derived 
from animal tissues, which act on proteins, or on synthetic substrates for 
well defined proteinases. As will be noted from Table I, work with syn- 
thetic substrates has permitted the identification of at least three cathep- 
sins; it may be expected that further studies will lead to the characteriza- 
tion of other intracellular proteinases. 

The present communication deals with the purification and properties 
of the cathepsin C of beef spleen. This enzyme, which has a specificity 
amilar to that of pancreatic chymotrypsin, was first identified in extracts 
of swine kidney (7). 

* This investigation was aided by grants from the American Cancer Society (on 
recommendation of the Committee on Growth of the National Research Council) 
and from the Rockefeller Foundation. The data in this paper are taken from dis- 
sertations presented by Harris H. Tallan and by Mary Ellen Jones to the faculty of 
the Graduate School of Yale University in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 

t Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service, 1948-50. Present address, The Rockefeller Institute for Medical 
Research, New York, New York. 

$ Predoctoral Fellow of the National Cancer Institute, 1949-51. Present address, 
nor a Research Laboratory, Massachusetts General Hospital, Boston, Mas- 
sac tts. 
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Methods 


Enzymatic Activity toward Synthetic Substrates—To determine the pr. 
teolytic activity of a given enzyme preparation toward a synthetic sub 
strate, the Grassmann-Heyde microtitration method (8) or the Conway 
microdiffusion method (9) was employed. The total volume of the inc. 
. bation mixture was 2 ml., the substrate concentration was 0.05 M, and th 
temperature was 38°. In most of the experiments, the pH was mais. 
tained at pH 5 with citrate buffer (0.1 m); where the pH was near 7, verona 
buffer (0.02 m) was used. The enzymatic activity on a given substrate js 
expressed in terms of the number of cathepsin units, written as [C. UJ’ 
where X is the appropriate symbol for the particular substrate. Fe 
cathepsin C, glycyl-L-phenylalaninamide (GPA) was the synthetic sub- 
strate. For the determination of the activity of one of the other tisse 
enzymes, the appropriate compound listed in Table I was used as the sub 
strate. One enzyme unit is equivalent to that amount of enzyme whid 
in 2 ml. of test solution causes a zero order rate constant (per cent hydroly-. 
sis of one CO—NH bond per minute) of 1.00. Hydrolysis values con- 
siderably in excess of 30 per cent or values obtained after incubation 
periods greater than 3 hours were not used for the calculation of the rate: 
In the subsequent discussion of the purification of cathepsin C, the follow 
ing terms will be employed: “specific activity,” denoted by [C. U.JS2‘, th 
units of cathepsin activity per mg. of protein nitrogen; “unit activity,” 
denoted by [C. U.]S5“, which refers to the number of cathepsin units pe 
ml. of enzyme solution; “total activity,” which is the product of the unt 
activity and the volume (in ml.) of the enzyme solution; and “relative 
activity,”’ which denotes the ratio of the specific activities of two enzyme 
preparations. 

Enzymatic Activity toward Proteins—With hemoglobin as a substrate, : 
modification of the method of Anson (10) was employed. Into a test-tule 
were pipetted 1 ml. of acetate buffer (1.35 m acetic acid, 0.02 mM ammoniun 
sulfate; pH 3.5), 4 ml. of hemoglobin solution (2.5 per cent solution ¢ 
Armour bovine hemoglobin powder, containing 1 mg. of merthiolate pe 
40 ml.), and 1 ml. of distilled water or of a cysteine solution (0.07 m; pi 
3.5). The tube was placed in a water bath at 38° and 10 minutes late 
1 ml. of the enzyme solution was added. Exactly 10 minutes after th 
addition of the enzyme, 9 ml. of 5 per cent trichloroacetic acid were addei 
to stop the reaction; the tube was shaken and replaced in the water bath 
for about 10 minutes. The denatured protein was filtered off on Whatma 
No. 3 filter paper (9.0 cm.) and 5 ml. of the clear filtrate were diluted wi 
10 ml. of distilled water. The optical density of the diluted filtrate 
determined in the Beckman spectrophotometer (1 cm. cells) at 280 ms 
with distilled water as the blank. An enzyme blank was prepared by 
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mixing 1 ml. of the enzyme solution, 1 ml. of the buffer solution, 1 ml. of 
distilled water, and 9 ml. of trichloroacetic acid; then 4 ml. of the hemo- 
gobin solution were added. The mixture was placed at 38° for 10 minutes, 
and then filtered and diluted as described above. Reagent blanks, with 
and without cysteine, were prepared to determine the optical density of 
the reaction mixture in the absence of the enzyme preparation. In some 
experiments, the proteinase activity toward hemoglobin was measured at 
pH 5; here citrate buffer (0.4 m citric acid, 0.8 m sodium hydroxide; pH 


Taste I 
| Proposed Designation of Some Intracellular Proteolytic Enzymes of Animal Tissues 
Proposed name® Former name (3) Typical substratet 
tyrosine (CGluT) 
(GPA) 
Leucine III (4) | t-Leucinamide (LA) 
Carboxypeptidase. . IV 
alanine (CGP) 
Tripeptidase (5)........... Glycylglycylglycine (GGG) 


The figures in parentheses refer to bibliographic references. 

* Each of the names given in this column may be considered to represent a class 
of enzymes; these terms may be prefaced by the site of origin of a particular en- 
tyme (e.g., beef spleen cathepsin B, swine kidney carboxypeptidase). 

t The abbreviations in parentheses will be used in this communication. 

} The designation of this enzyme as an endopeptidase is based solely on its ap- 
parent similarity in specificity to crystalline swine pepsin, and must be considered 
to be provisional. The specificity of pepsin is incompletely defined (6), and 
cathepsin A bas not yet been purified extensively. 

§ Other aminopeptidases, which exhibit specificity requirements for the side 
chains of amino acids other than that of L-leucine, have also been found in animal 
tissues (e.g., the phenylalanine aminopeptidase of swine kidney (7)). 


5.0) was employed, and the cysteine solution was adjusted to pH 5 before 
use. 

Proteinase activity toward hemoglobin is expressed in terms of the num- 
ber of cathepsin units [C. U.J®"; one unit is defined as that amount of 
enzyme which, in the 7 ml. of test solution, causes an increase in optical 
density of 1.000 (after appropriate correction for the blanks). The spe- 
tific activity of a given enzyme preparation is expressed as units per mg. 
of protein N, and is denoted by the symbol [C. U.Jan’x. The unit activ- 


i ity (cathepsin units per ml. of enzyme solution) is denoted by the symbol 
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sity, his method for the estimation of cathepsin activity with serum album 
as the substrate was made available to us prior to publication. 0.1 9 
of distilled water (or of 0.124 m cysteine) was pipetted into a test-tuk 
which was then placed at 38°. At zero time, | ml. of the enzyme solutie 
was added; at 3 minutes, 1 ml. of a 1 per cent solution of human seng 
albumin in acetate buffer (0.05 m sodium acetate, 0.1 m sodium chlorié 
pH 4.0) was introduced; at 23 minutes, 3 ml. of 5 per cent trichloroacet 
acid were added. The tube was left at 38° for 1 hour, the contents we 
filtered through Whatman No. 3 filter paper (7.0 cm.), and the optia 
density of the filtrate was determined in the Beckman spectrophotomete 
at 280 mu. An enzyme blank was prepared in the same manner, excey 
that the trichloroacetic acid was added immediately after the serum al: 
min. Reagent blanks without enzyme, both with and without cysteix 
also were prepared. 

The proteinase activity toward serum albumin is defined in terms of th 
number of cathepsin units [C. U.]}**-; this unit is equivalent to that amour 
of enzyme which, in the 2.1 ml. of the test solution, causes an increase | 
optical density of 1.000. 

Fractionation of Proteolytic Enzymes of Beef Spleen by Means of Am 
nium Sulfate—Earlier studies (2) had shown that a crude beef splee 
cathepsin preparation could be obtained by fractionation of tissue ext 
with ammonium sulfate, and collection of the material precipitated betwee 
0.4 and 0.7 saturation with ammonium sulfate (SAS); the procedure is: 
modification of that described by Anson (11). This material will 
termed Preparation I, and contains all the intracellular enzymes listed ¢ 
Table I. In the initial stages of the present investigation, experiment 
were conducted in an attempt to separate these enzymes by fractior 
precipitation with ammonium sulfate. When saturated ammonium si 
fate was added to a solution of Preparation I to 0.5 SAS, and the precip: 
tate was removed by filtration, the filtrate (after dialysis against | per cer 
NaCl) contained cathepsins B and C, but cathepsin A, leucine amine 
peptidase, and carboxypeptidase had largely been removed. 


A more detailed study of the distribution of cathepsin B, cathepsin ( 
and carboxypeptidase was performed by the addition of sufficient satu 
ammonium sulfate (adjusted to pH 7.0) to 100 ml. of a solution of Preps 
ration I (previously dialyzed against distilled water at 0°, and adjusted t 
pH 7.0) to attain 0.45 SAS. The mixture was kept at 0° for 18 hour 
and the precipitate was collected by centrifugation. To the superna 
solution, additional saturated ammonium sulfate was added to 0.50 Sas 
and the precipitate was collected as before. This process was repeat 
so as to obtain fractions precipitated at 0.55, 0.60, 0.65, and 0.70 SAS 
All the precipitates were washed with an ammonium sulfate solution (pi 
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70) of the appropriate concentration, dissolved in 2 per cent NaCl, and 
dialyzed at 0° against 1 per cent NaCl until free of sulfate. The data for 
the proteolytic activity of the various fractions (Preparations I-A to I-F) 
ue given in Table IT. 

It will be noted from Table II that, although cathepsin B and cathepsin 
C cannot be separated under the conditions of the above fractionation, the 
arboxypeptidase activity is completely precipitated by half saturation 
vith ammonium sulfate. It is of interest that the fractions having maximal 
tivity toward hemoglobin at pH 3.5 are not identical with those which 
are most active toward the synthetic substrates tested; the hydrolysis of 


Taste Il 


Ammonium Sulfate Fractionation of Beef Spleen Enzyme Preparation I* 


IRE 


LE 
: 
i 


I 0 
I-A 0 
1-B 0. 
I-C 0 
I-D 0 
0 


B 


I-E 
I-F 0.65-0.70 0.30 


ll bf *Prepared from fresh beef spleen in the manner described previously (2). 

edi 0.004 « cysteine present as activator. 

nent} pH 3.5. 

§ pH 3.5; 0.01 cysteine present. 

| sul] this protein may be assumed to be due to the cooperative action of several 

ecipt | endopeptidases. 

‘cet? The fraction of Preparation I precipitated between 0.55 and 0.7 SAS 

nine was used for a closer study of the individuality of cathepsins B and C of 

beef spleen. In addition, an examination was made of the activity of this 

in C} fraction (Preparation II) toward other synthetic substrates found to be 
te} hydrolyzed by Preparation I. It will be seen from Table IIT that cathep- 

reps{ sin B requires the addition of cysteine, and is completely inhibited by 

od tf 8 X 10-* wt iodoacetic acid even in the presence of 0.004 m cysteine; ascor- 

oun bie acid does not serve as an activator of cathepsin B. On the other 

stant hand, as was found for swine kidney cathepsin C (7), beef spleen cathepsin 

SAE C is active in the absence of added cysteine, although the addition of 
ale? cysteine enhances the activity greatly. lIodoacetic acid is only partially 

SAS} inhibitory, and cysteine can counteract this inhibition. Ascorbic acid and 
Hf MnSO, also inhibit cathepsin C. The data in Table III also show that, 


| 
| 
0 0.09 


4 
4 -0.45 
45-0 50 
pie 50-0. 55 
55-0 .60 
C6 
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under the conditions of the experiments, Preparation II contained som 
enzymatic activity toward LA and GGG, but CGluT, CGP, benzoylglycin. 
amide, or carbobenzoxy-L-isoglutamine were not split; all of these substrate 
were extensively hydrolyzed by Preparation I (2). 

Differential Inactivation of Proteolytic Enzymes of Beef Spleen—Sing 

III 
Proteolytic Activity of Beef Spleen Enzyme Preparation II 
Enzyme concentration, 0.68 mg. of protein N per ml. of test solution; concentr. 


tion of added substances, 0.004 m cysteine, 0.004 m ascorbic acid, 8 X 10-5 m iodoacetic 
acid, 0.001 m MnSO,; pH 5 (0.1 m citrate buffer) unless otherwise stated. 
Hydrolysis 
Substrate Added substance 
1 hr. 3 bes. 
per cent per cont 
Benzoyl-.-argininamide None 0 0 
16 34 
os + iodoacetic acid 0 
Ascorbic acid 0 
Glycyl-.-phenylalaninamide None 13 24 
Cysteine 29 61 
Iodoacetic acid 5 10 
Cysteine + iodoacetic acid 15 2B 
Ascorbic acid 4 13 
MnSO, 5 10 
L-Leucinamide Cysteine 0 4 
2 14 
MnSO,* 2 12 
Glycylglycylglycine Cysteine 5 10 
5 17 
None 0 0 
tyrosine 
Carbobenzoxyglycyl-L-phenyl- | Cysteine 1 2 
alanine 
Benzoylglycinamide 0 0 
Carbobenzoxy-.-isoglutamine 0 4 


* pH 7.5 (0.02 m veronal buffer). 


ammonium sulfate fractionation proved to be ineffective in the separatia 
of cathepsins B and C, advantage was taken of an earlier finding (7) ths 
swine kidney cathepsin C is more stable to heat treatment than is th 
accompanying cathepsin B. To examine the relative heat stability of 
two corresponding beef spleen enzymes, 10 ml. aliquots of a solution ¢ 
Preparation I (previously dialyzed against 2 per cent NaCl for 24 hour 
at 0°) were heated in test-tubes immersed in a water bath at 65°; afte 
40 minutes, the tubes were removed and chilled in ice water. The coag 
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sted protein was removed by filtration, and the clear solutions were 
jialyzed against 1 per cent NaCl for 24 hours at 0°. The dialyzed solu- 
tions were then tested for their proteolytic activity; the data are presented 
n Table IV. It will be noted that heat treatment of Preparation I at 65° 
for 40 minutes caused the complete loss of cathepsin B activity, without 
appreciable destruction of cathepsin C. This treatment also removes leu- 
ne aminopeptidase, carboxypeptidase, tripeptidase, and cathepsin A. 
Partial Purification of Beef Spleen Cathepsin C—In the further purifica- 
tion of cathepsin C, the heat treatment described above was followed by 
the application of the ethanol-zine fractionation technique of Cohn et al. 


~~ § (12). An additional increase in the specific activity of the resulting ma- 


terial may be achieved by treatment with cysteine, which causes the pre- 
cipitation of inactive constituents of the purified enzyme preparation. The 
extent of purification attained thus far is approximately 200-fold, as com- 


TaBie IV 
Effect of Heat Treatment on Cathepsin B and Cathepsin C of Beef Spleen Enzyme 
Preparation I 
Protein nitrogen Hydrolysis of GPA* | Hydrolysis of BAA® 
Heat treatment | 
Total | Recovery | [(C. U.Jue. | Recovery  [C. U.lme. | Recovery 
mg. per cent per ceni per cent 
| 29.4 100 0.76 100 0.40 100 
5°; 40 min....... 9.7 33 2.15 93 0 0 


* 0.004 m cysteine present in test solutions. 


pared with the cathepsin C activity of the initial beef spleen extract; the 
final enzyme preparation contained about 12 per cent of the total cathep- 
in C activity of the crude tissue extract. 

A typical preparation of purified cathepsin C from comminuted beef 
spleen' is described in what follows; the data on the protein N and on the 
enzymatic activity of the successive fractions are given in Table V. 
4250 gm. of frozen, comminuted beef spleen were stirred with 8500 ml. 
of distilled water and 400 ml. of toluene for 2 hours at room temperature. 
The resulting suspension was kept at 1° overnight, the surface layer of 


toluene and fat was removed, and the mixture was filtered through gauze 
to yield 9180 ml. of a turbid solution, No. 1 (Table V). 

To 9155 ml. of Solution 1, 240 ml. of x hydrochloric acid and 517 gm. 
of ammonium sulfate were added at 1° with rapid stirring. The final 


| conditions were pH 4.1 and 0.1 SAS. After 18 hours at 1°, the precipitate 


‘The authors are greatly indebted to Dr. J. B. Lesh and Dr. R. J. Seidel of Ar- 


mour and Company for their generosity in making available the comminuted beef 
spleen. | 
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was removed by filtration through large fluted filters (Schleicher an Ut 
Schiill No. 588) to yield 7617 ml. of a clear brown solution, No. 2. Jute 

To 7590 ml. of Solution 2, 1381 gm. of ammonium sulfate were adda ~? 
at 1° with stirring; the solution was 0.4 saturated with respect to the sak |™ 9. 
After 18 hours at 1°, the mixture was filtered by suction with the aid ¢ centri 
Celite 503 to yield 8040 ml. of Solution 3. tion ( 

To 8010 ml. of Solution 3, 200 ml. of N NaOH and 1747 gm. of ammoniuz§ &™ 
sulfate were added at 1° with rapid stirring. The final conditions wer | 2! 
pH 6.95 and 0.7 SAS. The resulting precipitate was allowed to settle, th | ™ 4 
clear supernatant solution was siphoned off, and the remaining suspensa§ &!Y% 


Solutic 

TABLE V To 

Partial Purification of Cathepsin C from Beef Spleen sid b 

| Protein N [C. U.JOPA | mixtul 

ation Now| Volumet | — ic. were (0,002 

Per ml | Total Per ml. Total y with 

ml. mg. me. units centra 

1 9180 4.66 42,780 0.72 6564 0.15 centrif 

2 7646 0.58 4,420 0.56 4282 | 0.97 of the 

3 | so 0.41 3,325 0.4 | 3885 | 1.6 —- 

4 750 3.59 2,693 4.64 34800 1.29 (0.91) 
5 715 1.61 1,151 3.38 2417 (1.98) 

6 | 103 2.53 261 | 16.8 1720 (6.70) | The re 

1.49 72 | 18.0 882-121 (15.0) P and 

4 498 0.073 36 1.6 802 22.1 (30.0) I ml. of 


. For details concerning these solutions, eve the text of the paper. 3 
t All volumes are corrected for the aliquots removed for the determinations of \f ? &™- 


content and of enzymatic activity. ml. of 
t The values given in parentheses were obtained in another preparation, pe} 0.08 w 
formed in the manner described in the text. a —3 


was filtered by suction through hardened filter paper to yield a moisf Precipi 
filter cake (80.6 gm.) which was dissolved in 300 ml. of 1 per cent NaCif the su 
and was dialyzed against 1 per cent NaCl for 48 hours at 1°. The solu] #0 t 
tion was centrifuged to remove a slight amount of insoluble matter. 7 In t 
the supernatant solution (625 ml.), 120 ml. of a 7 per cent NaCl solutic the = 
were added to bring the NaCl concentration of Solution 4 (745 ml.) to4 ‘ysteu 
per cent. cystetr 

10 ml. aliquots of Solution 4 were heated at 65° for 40 minutes in 7 "tion 
Pyrex test-tubes (150 X 18 mm.). The tubes were then chilled in an iof the los 


water mixture, and the coagulated protein was removed by centrifugation amit 
The clear supernatant solution was dialyzed against | per cent NaCl fof ™ Prog 
24 hours at 1° to yield 705 ml. of Solution 5. Pro 

To 695 ml. of Solution 5 were added 5 ml. of a 0.064 zine acetaif fed pr 
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slution to give a final zinc acetate concentration of 4.5 X 10-*m. The 
wlution was cooled to —5°, and 110 ml. of 70 per cent ethanol, precooled 
to —5°, were added dropwise with stirring; the final ethanol concentration 
vas 9.5 per cent. After an additional hour at —5°, the suspension was 
entrifuged in a refrigerated centrifuge (—5°). To the supernatant solu- 
tion (790 ml.), 129 ml. of 70 per cent ethanol were added in the manner 
described above; the final ethanol concentration was 18 per cent. After 
| hour at —5°, the mixture was centrifuged as before and the precipitate 
sas dissolved in 30 ml. of 0.4 m citrate buffer (pH 5.0). The solution was 
dialyzed against 1 per cent NaCl for 48 hours at 0° to yield 100 ml. of 
Solution 6. 

To 95 ml. of Solution 6 were added 2 ml. of 0.1 mM sodium acetate-acetic 
sxcid buffer (pH 5.4) and 1 ml. of a 0.045 m zinc acetate solution. The 
mixture (pH 5.3) was cooled to —5° and 20.7 ml. of 70 per cent ethanol 
* : 1 0.002 m with respect to sodium acetate-acetic acid buffer and 4.5 K 10~™ 

u with respect to zinc acetate) were added at —5°; the final ethanol con- 
~~ Teentration was 12 per cent. After 30 minutes at —5°, the suspension was 
centrifuged as before and to the supernatant solution (116 ml.) 13.4 ml. 
af the above ethanol-buffer solution were added at —5°; the final ethanol 
. concentration was 18 per cent. The mixture was centrifuged at —5°, 

' | and the precipitate was dissolved in 15 ml. of 0.4 m citrate buffer (pH 5.0). 
70) | The resulting solution was dialyzed against distilled water for 48 hours at 
0) } 0 and the insoluble material was removed by centrifugation to yield 45.2 
mi. of Solution 7. 
~~] To 270 ml. of a solution containing 3.75 gm. of cysteine hydrochloride, 
of 4 2@m. of NaCl, and sufficient NaOH to bring the pH to 5.7 were added 30 

ml. of Solution 7. The final conditions were pH 5.5, 1 per cent NaCl, 
pe 0.08 u cysteine, and 0.15 mg. of protein N per ml. The solution was frozen 
at —30°, kept at this temperature for 2 days, and thawed at 0°. The 
wis Precipitate which had formed was removed by centrifugation at 0°, and 
a(if the supernatant fluid was dialyzed against 1 per cent NaCl for 48 hours 

auf at 0° to give 305 ml. of Solution 8. 

Ta In the course of studies on the effect of pH and salt concentration on 
ting the extent of purification achieved by the treatment of Solution 7 with 
to j} cysteine, it was found that exposure of aliquots of this solution to 0.08 

cysteine at pH 5.1, in the absence of added NaCl, gave an enzyme prepa- 
tation of (C. U.JSP4, = 76.7. However, this marked purification entailed 
. ieg the loss of approximately one-half of the total enzyme activity. Further 
ionf &Xamination of the use of cysteine for the purification of cathepsin C is 
fog progress. 

Properties of Beef Spleen Cathepsin C—The availability of a highly puri- 

4 fed preparation of cathepsin C permitted a determination of its pH opti- 


af 


802 BEEF SPLEEN CATHEPSIN C 


mum for the hydrolysis of GPA, and a closer examination of its action 
other synthetic substrates. For these studies, an enzyme preparation hay 
ing a specific activity [C. U.JRE4, of 15.0 was employed. 

It will be noted from Table VI that cathepsin C exhibits optimal hy 
drolytic activity toward GPA between pH 5 and 6. At pH 7 to 8, a 
culent, gelatinous precipitate appears on incubation. Recent studies j 
this laboratory? have shown that this insoluble material is the product 
an enzyme-catalyzed transamidation reaction in which the amide NH 
of GPA is replaced by another molecule of GPA, thus leading to the elonga- ~~ 
tion of the peptide chain (13). Since the ratio of a-amino N to total } 
for the product is approximately 0.11, it may be concluded that it is, 


Tasie VI 
pH Dependence of Hydrolysis of Glycyl-.-phenylalaninamide by Cathepsin C  Glyey 
Enzyme concentration, 0.01 mg. of protein N per ml. of test solution; substrate 
concentration, 0.05 mu; cysteine, 0.004 m. 


| Hydrolysis Glyey 

pH | — at-Gl 

| i he 2 brs. 3 brs. L-Gl 

| per cont per cent Phe 

-Phet 

3.0 | 0 0 0 Tyr 

4.0 3.5 7.5 25 

5.0 il 28.5 43 

6.0 15 31 42 Phe! 

7.0 14.5 ! 20.5 23.5° Tyr 
8.0 8 | 9.5 9.5° “4 

arbo 

A precipitate was present (cf. the text). ~ bo 


the average, an octapeptide amide consisting of repeating glycyl-L-phenyl-Benzo 
alanyl units. The mechanism of this polymerization reaction and tl 
nature of the products formed from GPA and other substrates of cathepsin, 
C will be discussed in a future communication. Glyey! 
The data in Table VII support the earlier view (7) that cathepsin C, 
despite its difference in pH optimum, resembles pancreatic chymotrypsin——— 
in its specificity. Like chymotrypsin, cathepsin C exhibits a preference Ao 
for the hydrolysis of CO-NH linkages in which the carbonyl group belongs tN 
to an aromatic amino acid residue (14). Neurath and his associates (15) 
have shown that chymotrypsin hydrolyzes ester linkages involving 7 
carbonyl group of a tryptophan, tyrosine, phenylalanine, or methionine", | 
residue. It will be seen from Table VII that a-.-glutamyl-1-tyrosine. 


ethyl ester is rapidly hydrolyzed by cathepsin C. is of 
Cathepsin C, like the majority of the known proteolytic enzymes ah 
rs. 


? Jones, M. E., Hearn, W. R., and Fruton, J. 8., unpublished experiments. of the 
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ion ts and animals, is adapted to the hydrolysis of substrates in which 
n havdthe essential amino acid side chain belongs to an L-amino acid residue. 
VII 
Action of Purified Beef Spleen Cathepsin C on Synthetic Substrates 
Enzyme concentration, 0.025 mg. of protein N per ml. of test solution; substrate 
encentration, 0.05 m; cysteine, 0.004 m; pH 5.0 (0.1 » citrate buffer). Control 


tes. 


ital Substrate 
is, thes. | 
per cont percent per cant 
| 40 47 
57 86 
Glyeyl-t-phenylalanylglycinamide...__. 6 15 24 
~~~ 18 5O 59 
ethyl ester. ................ 43 91 99 
~~‘ 20t 
Phenylalanylglycinamide.......................... l 12 21 
1 3 15 
2 4 
“‘arbobenzoxy-L- isoglutamine 0 0 
0 0 0 
1 1 2 
d th prleucinamide 0 0 0 
in \, 0 1 1 
*No cysteine added. 


Jong t An insoluble precipitate appeared in the reaction mixture. 

(13) No cysteine added; pH 7 (0.02 veronal buffer); 0.001 MnSQ,. 

y theSince glycyl-p.-phenylalaninamide is hydrolyzed to only about 50 per 

onine*ent, it may be concluded that the p isomer is resistant to enzymatic action. 

rosine The hydrolysis of L-phenylalanyl-t-phenylalaninamide by cathepsin C 
is of some interest since, as is noted in Table VII, a precipitate began to 

es form during the first 2 hours of the incubation at pH 5; at the end of 5 
hours, aliquots of the solution could not be removed because the contents 


of the flask had set to a gel. It appears likely that the insoluble material 


—— enzyme showed no measurable hydrolysis of the 
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is the result of an enzyme-catalyzed transamidation analogous to tha 
observed with GPA at pH 7. 

The purified cathepsin C preparation exhibited only slight activi 
toward glycyl-L-methioninamide, thus indicating that the replacement 
a phenylalanine or tyrosine residue be’ it methionine residue 


for chymotrypsin (15). It will be seen from Table VII that the ca 
C preparation was inactive toward substrates of cathepsin A (CGluT 
carbobenzoxy-L-glutamyl-L-phenylalanine), of cathepsin B (BAA), of 
cine aminopeptidase (LA), of carboxypeptidase (CGP), and of tri 


Tasie VIII 
Action of Preparation of Beef Spleen Cathepsin C on Hemoglobin and Serum Abeni 
The enzyme preparations are numbered to correspond with the 


enzyme solutions, as listed in Table V. 1 Wi 
| w 2. Fr 

Substrate pH 3. Fri 

| Solution 4 Solution 6 Solution 7 ( 

— 4. Kr 

| ont ons | ont 5. Ell 

Hemoglobin 3.5 | 0.35 0.08 0.30 6. Fri 
3.5° | 0.50 0.14 0.38 1 

5.0 | 0.07 0.08 0.30 7. Gu 

5.0° 0.08 0.14 0.47 8. Gr 

Serum albumin 4.0 0.40 0.00 9. Jol 
4.0° 0.57 0.27 10. No 

; viel 

* 0.01 m cysteine present. il. An 
(GGG). In addition, little or no hydrolysis was observed with sae 
alaninamide or L-tyrosinamide. 
Action of Purified Beef Spleen Cathepsin C on Proteins—It will be 1 
from Table VIII that partially purified cathepsin C (specific activity 4. Fr 
[C. U.J&E4y = 12.1) attacks hemoglobin at pH 3.5 and at pH 5.0, and thaq 1 8" 
the addition of cysteine causes an increase in the specific activity towanj j¢ ¢,, 


the protein substrate. A correlation between the changes in the 
activity toward GPA and hemoglobin in the course of the purification 
cedure outlined in Table V is observed only when both substrates 
subjected to enzymatic action at pH 5.0 in the presence of cysteine. 
though an interpretation of data obtained on the hydrolysis of a p 


it would appear that cathepsin C is not identical with the “hemoglobi 
enzyme” of Schaffner and Truelle (16). ‘The latter enzyme is reported 
have little or no activity toward hemoglobin at pH 5, and not to be acti 
vated by cysteine. 
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Human serum albumin is not hydrolyzed appreciably by purified cathep- 
in C at pH 4.0 in the absence of added cysteine; the addition of cysteine 
uses a marked hydrolysis of the protein (Table VIII). 

SUMMARY 

An appreciable purification of the cathepsin C of beef spleen has been 
inj achieved by fractionation with ammonium sulfate and with ethanol and 
inc ions at low temperatures. The purified enzyme resembles pancreatic 
chymotrypsin in its specificity, but differs from the latter enzyme in its 
pH optimum. Cathepsin C hydrolyzes bovine hemoglobin at pH 5, in 
the presence and absence of added cysteine; human serum albumin is 
_|bydrolyzed at pH 4 in the presence of cysteine. 
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THE ISOLATION OF C,, STEROIDS FROM HUMAN PLACENTA* 


By W. H. PEARLMAN ann EMILY CERCEO 
(From the Department of Biochemistry, Jefferson Medical College, Philadelphia, 


Pennsylvania 
(Received for publication, August 2, 1951) 


The placenta is currently believed to play an important if not a major 
rile in the elaboration of progesterone, especially in the later stages of 
gestation in the human species. The evidence for this is based on the 
following observations: (a) pregnanediol excretion in pregnant women is 
markedly increased after the first 2 months of gestation (the excretion 
rate rises progressively but falls precipitously at delivery (2)); (b) women 
ovariectomized early in pregnancy continue to excrete appreciable and 
increasing quantities of pregnanediol until parturition (2); (c) pregnanediol 
isa demonstrated metabolite of progesterone (but also of desoxycorticos- 
terone) (cf. (3)); (d) there is good evidence from clinical observations on 
pregnant women that the corpus luteum (a source of progesterone) and 
even the whole of both ovaries can be dispensed with after the first few 
weeks of pregnancy, but this is not true of all species, e.g. the rabbit (4); 
and (e) progestational activity has been found in placental extracts (ef. 
(5)). 

Although it seemed likely that progesterone is the substance responsible 
for the progestational activity of placental extracts, verification of this 
point was nevertheless considered desirable, especially since the biological 
activity of progesterone is now known to be exhibited by several other 
closely related compounds (6). It was also considered desirable to obtain 
some information regarding progesterone metabolites which might be 
formed in this organ. 

With these aims in mind, an acetone extract was made of 836 kilos of 
human placental tissue. The lipides were repeatedly partitioned be- 
tween petroleum ether and 90 per cent methanol; the residue from the 
latter phase, after removal of acidic material, was separated into ketonic 
and non-ketonic fractions with the aid of Girard’s Reagent T (7). The 
ketonic moiety, after further purification, weighed 111.5 mg. and was 
estimated to contain 53 mg. equivalents of progesterone.’ Chromatog- 

* This investigation was supported by research grants from the Committee on 
Research in Endocrinology of the National Research Council and from the National 
Institutes of Health, United States Public Health Service. A preliminary report 
(1) Was presented before the meeting of the American Society of Biological Chemists 
at Cleveland, May, 1951. j 

' “Progesterone” estimations are based on optical density measurements at 240 
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raphy of this product, entailing an appreciable loss of material, resulted (5 ™ 
in the isolation of 1.4 mg. of an unidentified a ,8-unsaturated ketone, m» induc 
209-211°; progesterone was not isolated. The non-ketonic moiety, { 
lowing saponification and further purification, yielded 1.653 gm. of ne 
acidic, non-phenolic material. Chromatography of this product yielde 
5 mg. of pregnanediol-3a ,20a, 9 mg. of allopregnanediol-38 ,20a and % 
mg. of allopregnanol-38-one-20. The isolation of the latter compound fre 
the ‘“‘non-ketonic” fraction was unexpected and may perhaps be ascribed 
to the difficulty in removing such a small quantity of the ketonic ce 
pound from the bulky extract prior to saponification. 


EXPERIMENTAL” Crysts 


Collection and Extraction of Human Placental Tissue—The placental Filt 
were procured by Dr. R. H. Barnes of Sharp and Dohme, who had then| 4! 
washed with cold saline solution, frozen, and shipped to Dr. W. J. , 
of The Upjohn Company, who in turn had 836 kilos of this tissue grour 
and extracted for 6 days with 2300 liters of 95 per cent acetone. 
acetone extract, after concentration in vacuo below 50° to a volume of 73 
liters, was extracted six times with 0.25 volume of ethylene dichloride 
the latter extract was washed with 102 liters of distilled water, conce 
trated to a volume of 5400 ml. (2291 gm., solid content), and shipped 
the authors. 

Fractionation of Placental Extract’—The above concentrate was work 
up as indicated in outline fashion in Diagrams | and 2. 

Isolation of Unidentified a ,B-U'nsaturated Ketone—The ketonic f 
weighing 111.5 mg. (Diagram 1), showed the following physical character 
istics: AS'S 240 my, Ei. = 242 (or 53 mg. equivalents of progesterone’) 
K = 0.059 (distribution coefficient on partitioning between petrolet 
ether and 70 per cent methanol; optical density measurements at 240 mg) 
A solution of this material in benzene was chromatographed over alumit 
and eluted with mixtures of benzene and petroleum ether. Only one elu 


my (maximal absorption) and are not specific for progesterone. An index of 
relative content of a,8-unsaturated ketones is thereby obtained which is useful 


a guide in purification. 0% n 

? All melting point values reported in this paper are corrected. Microanal “an 
were performed by Mr. James Rigas. 

* Inasmuch as a similar extract showed very little adrenocortical hormone a] K — 
tivity, according to preliminary tests kindly carried out by Dr. W. J. Haines, be ms 
authors did not take certain precautions, e.g. heating below 50°, in fractionating th 
placental extract. = 0 

‘The alumina employed throughout this study is described as Harshaw, plai of an 


activated. Prior to use, it was suspended in glacial acetic acid, filtered, washed) by de 
with copious amounts of distilled water, dried at 150° for several hours, and finally) carb, 
placed in a tightly sealed container. 
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hed (5 mg.; eluant, 75 per cent benzene-25 per cent petroleum ether) could be 
, mp induced to crystallize; it furnished, from methanol, 1.4 mg. of crystals, 
y, fa mp. 209-211°, = +248° + 22° (ethanol), 236 my, = 483, 


- Diagram 1. Fractionation of Placental Extract 
me "| Ethylene dichloride extract 
| (5400 ml., 2291 gm. lipides derived from 
| fron} $36 kilos placental tissue; see the text) 
Concentrated in vacuo, chilled, and 
filtered 
| | 
Crystalline mass of fat and cholesterol 
‘ntaj Filtered and washed with cold meth- 
anol, (residue not weer further) 
Filtratese— 
Concentrated in vacuo; 
residue partitioned repeatedly between 
pride petroleum ether and 90% methanol 
ret 1 
ed tf % methanol phase Petroleum ether phase 
- Concentrated in vacuo; residue distributed 
between ether and 4% NaHCO, solution 
4 
mm} Ether phase NaHCO, phase 
icter (Furnished 137.5 gm. organic acids) 
me’ Residue treated with 
Girard’s Reagent T (7) 
ms Ketonie fraction Non-ketonic fraction 
te (336 mg.) (113 gm.; see Diagram 2) 
Partitioned repeatedly between 
? petroleum ether and 70% methanol 
0% methanol phase Petroleum ether phase 


“(111.5 mg. ketones) 


© *!K = 0.057 (petroleum ether-70 per cent methanol). Comparison may 
bemade with progesterone, m.p. 128°, [a], = +192°, Aaux. 240 my, 
= 509, K = 0.33 (petroleum ether-70 per cent methanol). The presence 
ysis} Of an a ,8-unsaturated ketone group in the placental product was confirmed 
| by determining the absorption in the ultraviolet region of the thiosemi- 
nall carbazone; the presence of a saturated carbonyl group was also indicated. 
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The detection of these groups in representative ketonic compounds by 
absorption spectra methods with the thiosemicarbazide derivatives hy 
been described by Evans and Gillam (8). 

Chromatogram of Non-Ketonic Fraction—1.653 gm. of “‘non-ketonic” ms 


Diagram 2. Fractionation of Placental Extract, Non-Ketonic Fraction 
Non-Ketonic fraction 


(113 gm.; see Diagram 1) 


Dissolved in ethanol, 
chilled, and filtered 


— Crystals 
(600 mg., m.p. 50-60°; difficultly soluble 
in most organic solvents; set aside for — 
future investigation) ne 


Filtrate 


Concentrated in vacuo; 
residue distributed between petroleum ether and n NaOH +9 


+ + 
Petroleum ether phase Middle phase of oil NaOH phase 
(Contained 10-1 
much phenolic 
Residues combi material) si 


Refluxed 6 hrs. in 1 liter 5% KOH in 90% methane 
allowed to stand at room temperature 20 hrs., 
concentrated, diluted with water, and caghanilll 
extracted with ether 


Ether extracte — Aqueous phase (disearded) 
(5.6871 gm., neutral, non-saponifiable fraction) : 


Partitioned repeatedly between petroleum ether and 90% methanol 


907% methanol phase Petroleum ether phase 
(1.653 gm.; see Table I) 


terial (Diagram 2) were dissolved in 1.5 ml. of benzene, 5 ml. of petre Th 
ether were added, and the solution was passed through a column (115 X I jo q | 
mm.) containing 20 gm. of alumina,‘ previously wetted with benzene} .4),_, 
petroleum ether (80 per cent). The chromatogram is described in Table} , 

Isolation of Allopregnanol-38-one-20—Fractions 4 to 9 (330 mg.) wer contri 
rechromatographed in a fashion similar to that indicated in Table I; water 
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euates on treatment with ethyl acetate yielded 45 mg. of somewhat impure 
allopregnanol-38-one-20. Identification was based on the following data. 

Repeated crystallization of the above material from ethyl] acetate yielded 
s product having a melting point of 191-192°, [a]? = +88.4° + 2° (eth- 
anol). It gave no depression in melting point on admixture with a sample 
of allopregnanol-38-one-20, m.p. 191-192°, [a]** = +85.8° + 2° (ethanol), 
which had been prepared by the authors by shaking a solution of pregnenol- 
33-one-20 in glacial acetic acid with palladium-charcoal in an atmosphere 
of hydrogen. 

CxH,.O;. Calculated, C 79.19, H 10.76; found, C 79.40, H 10.50 


Taste I 
Chromatogram of ‘‘Non-Ketonic’’ Fraction (1.653 Gm.) 


“2 Eluant Weight Eluate; compound isolated 
mi. me. 
1-3 | 110 | Benzene-petroleum ether | 216.7 
(80%) 
+9 330 Benzene-petroleum ether 377.0 Allopregnanol-38-one-20; 2 
(40-60% ) mg. unidentified crystals, 
m.p. 168-169° 
10-13 | 360 | Benzene-petroleum ether | 257.7 
(20%), benzene 
14-17 255 | Benzene-ether (25-50%) 203.1 Pregnanediol-3a,20a, allo- 
pregnanediol -38 , 20a 
18-24 490 | Ether, methanol-ether (90- | 436.5 
) 
23-30 | 460 | Methanol-ether (50-75%), 96.8 
methanol 


Treatment of 32 mg. of the placental compound with 1 ml. of pyridine 
and 0.5 ml. of acetic anhydride at room temperature overnight gave a 
product which, after repeated crystallization from ethanol, melted sharply 
at 142.5-143°. It gave no depression in melting point on admixture with 
an authentic specimen of allopregnanol-38-one-20-3-acetate, m.p. 143-144°, 
which was kindly furnished by Dr. S. Lieberman. 
CyHyO,;. Caleulated, C 76.62, H 10.06; found, C 77.20, H 9.89 

The semicarbazone of the acetyl derivative was prepared by refluxing 

12.4 mg. of the acetate (placental product) with 5 ml. of a 90 per cent 


ethanol solution containing 135 mg. of semicarbazide acetate. After 2 
hours, the solution was allowed to cool; the crystals which formed were 


, | centrifuged and washed with a little 90 per cent methanol, followed by 


water. Repeated crystallization from chloroform-ethanol gave 8 mg. of a 
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compound melting at 253-255°. It gave no depression in melting poin| 
on admixture with an authentic specimen of allopregnanol-38-one-203 
acetate-20-semicarbazone, m.p. 255-257°, which was simultaneously pr 
pared by the authors. 


CasH3yO3N3. Calculated. C 69.00, H 9.42, N 10.06 
Found. 68.78, 9.30, “* 10.40 


The isolation of a ketonic steroid from the ‘‘non-ketonic” fraction indi. 
cated that the removal of ketones from this material had not been complete 
The bulk of Fractions 4 to 9 (Table I) less 45 mg. of allopregnanol-38-one-% 
and a few mg. of unidentified crystals, m.p. 168—169°, was therefore treated 
with Girard’s Reagent T (7). The ketonic fraction thus obtained fur. 
nished 37 mg. of digitonin-precipitable material which, on treatment with 
ethyl acetate, gave 8 mg. of somewhat impure allopregnanol-38-one-20. 

Isolation of Pregnanediol-3a ,20a—Fractions 14 to 17 (Table I), on treat. 
ment with ethyl acetate and further purification from this solvent, fur. 
nished 5 mg. of crystals melting sharply at 238.5°. The material gave no | 
depression in melting point on admixture with an authentic specimen 
pregnanediol-3a ,20a, m.p. 238-239°, which was kindly furnished by Dr. 
J. J. Pfiffner, whereas a depression of approximately 30° in melting point 
was observed on admixture, respectively, with allopregnanediol-3a ,20< 
m.p. 244°, and with pregnanediol-3a,208, m.p. 234°. 


CnH O02. Calculated, C 78.69, H 11.33; found, C 78.21, H 11.10 


Isolation of Allopregnanediol-38 ,20a—The bulk of Fractions 10 to I 
(Table I), from which pregnanediol-3a ,20a had been removed, was treated 
with digitonin; 57 mg. of digitonin-precipitable material were obtainec 
which, on treatment with ethyl acetate, furnished 9 mg. of a c 
product, m.p. 211-212°. It gave no depression in melting point on ad- 
mixture with an authentic specimen® of allopregnanediol-3 , 20a, m.p. 212- 
213°, which was kindly furnished by Dr. K. Miescher. The placenta 
product was treated with 1 ml. of pyridine and 0.5 ml. of acetic anhydride 
at room temperature overnight; the acetyl derivative thus obtained wa 
repeatedly crystallized from methanol to yield 6 mg. of a compound whieb 
melted at 161°, [a]? = —2° + 4° (ethanol). There was no depression i 
melting point on admixture with an authentic specimen of allop i 
38 ,20a-3 ,20-diacetate, m.p. 163—163.5°. 


CysHwO.. Calculated, C 74.22, H 9.97; found, C 74.46, H 9.59 


OSE 


— 
= 


2. 
- = 


‘Dr. K. Miescher gave 220-222° as the melting point of this specimen. Tbq % pr 
difference in melting point values is apparently due to a difference in methods of 3a,2 
determination; in this laboratory the melt was observed in a capillary tube in . 
metal block with the aid of a long stem standardized thermometer. P 
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poin:| DISCUSSION 

“2031 The quantity of a,8-unsaturated ketones (0.06 mg. equivalents of pro- 
y Pte pesterone' per kilo of placental tissue) obtained in this study is much less 
than that which might be anticipated from reports in the literature. Thus, 
for example, McGinty et al. (9) found approximately 7 progesterone units 
per kilo of human full term placenta; this may be estimated to be equivalent 
ing: | to approximately 3 mg. of progesterone per kilo of placental tissue, inas- 
much as rather large rabbits were used in following the McPhail bioassay 
procedure; extraction was made by the methods of Corner and Allen. 

eatei} In an effort to resolve this discrepancy, the authors extracted individual 
1 fy.) placentas which were obtained immediately after parturition. Our pre- 
-with| liminary data indicate that as much as 2 mg. equivalents of progesterone 
20. | per kilo of tissue (determined by ultraviolet spectroscopy) may be obtained 
treat- 

» fur 
ve no 
en 


by ether extraction of placentas ground in 5 per cent sodium hydroxide; 
| this extraction procedure was recently employed by Prelog and Meister 
(10), who isolated progesterone in excellent yield from whale corpora lutea 
despite the reputed destructibility of the hormone by alkali (11). Extrac- 
y Dr| tion of placental tissue with acetone at room temperature ultimately fur- 
nished a lipide fraction which was not suitable, however, for ultraviolet 
20a) spectroscopy ; furthermore, the yield of ketonic material appeared to be 
incomplete. These and related data will be described in detail in a future 
communication. Extraction of placental tissue involving the use of strong 
alkali will undoubtedly result in the destruction of steroid hormones of the 
adrenocortical type, a consideration which is relevant because this type of 
hormone has been recently detected by Haines* and Johnson, by bioassay 
procedure, in placental extracts in low but significant concentration; form- 
aldehydogenic substances have been detected by Jailer (12). 

At present, too much significance cannot be attached to the isolation 
of the a,8-unsaturated ketone, m.p. 209-211°, which clearly is not 
progesterone; in view of the minute quantity isolated, it may not be repre- 
sentative of the hormonal output of the placenta. However, it does indi- 
cate the desirability of obtaining more material in amount sufficient to 
isolate and identify the a,8-unsaturated ketones of the placenta. Failure 
in} to isolate progesterone in the present instance does not preclude its presence 
in placental extracts. Indeed, it is very significant that the steroid which 
has been found to accompany progesterone in extracts of the corpus luteum 
and of the adrenal cortex (cf. (13)), namely allopregnanol-38-one-20, was 
also isolated in this study. That the placenta may be an organ capable 
of progesterone catabolism is suggested by the isolation of pregnanediol- 


3a, 20a: 
; allopregnanediol-38 , 20a, whic ned from this source 
,20a, which was also obtai 
Pe nal communication from Dr. W. J. Ha 
‘ { ines. 
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is probably a metabolite of allopregnanol-38-one-20. Of related interes 
is the recent finding by Samuels et al. (14) that the placental tissue of the 
rat is capable of converting pregnenol-38-one-20 to an a, §-unsaturated 
ketone (progesterone?). 


SUMMARY 


Allopregnanol-38-one-20, pregnanediol-3a,20a, and allopregnanedid. 
38 ,20a were isolated in amounts of 50 mg. or less from an acetone extract 
of 836 kilos of human placental tissue. Progesterone was not isolated, but 
instead a minute quantity of an unidentified a ,8-unsaturated ketone, mp. 
209-211°, was obtained; the presence of progesterone in placental extracts 
is by no means precluded. 


The authors wish to express their thanks to Dr. R. H. Barnes and to 
Dr. W. J. Haines for their eens in procuring and extracting the 
placental tissue for this study. 
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THE NATURE OF THE GLUTAMIC ACID EXCRETED IN FOLIC 
ACID DEFICIENCY 


By MILTON SILVERMAN, RITA C. GARDINER,* ano 
HOWARD A. BAKERMAN 
(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, September 14, 1951) 


It has been reported that folic acid (FA) deficiency in the rat induced 
by succinylsulfathiazole (SS) produces a marked increase in the urinary 
excretion of glutamic acid.'' Further study has shown that the bulk of 
the microbiologically available glutamic acid arose during the heat sterili- 
tation process. During sterilization, a heat- and alkali-labile compound 
present in the urine was degraded to “‘free’’ glutamic acid. Inasmuch as no 
gutamic acid derivative showing the properties of this compound appears 
to have been reported, its occurrence and some of its properties are now 
described. 

Materials and Methods 

Maintenance of animals, diets, collection of urine, and the method of 
assay for glutamic acid with Lactobacillus arabinosus have been described.' 
In the present study, samples were sterilized by one of two procedures. 
Samples were added to the basal medium which was autoclaved for 8 
minutes at 10 pounds steam pressure, or samples were sterilized by passage 
through small Seitz (20 mm.) or Corning glass sterilizing filters and then 
added to the basal medium. 

Dowex 50, a cation exchanger,’ was employed in the separation of the 
glutamic acid derivative. The resin was put through a base (NH,OH)- 
acid (HCI) cycle before use. 


EXPERIMENTAL 


When subjected to a temperature of 100° for 60 minutes, urine specimens 
(at pH 6.0 to 7.0) from rats on a normal diet generally show a drop in 
glutamic acid activity as determined by the L. arabinosus growth assay. 
This is due, in part at least, to the formation of pyrrolidone carboxylate 
from glutamine. However, urine samples from rats rendered deficient in 


* Part of the material in this paper was taken from a thesis submitted by Rita C. 
Gardiner to the Chemistry Department of the Graduate School of Georgetown 
University in partial fulfilment of the requirement for the degree of Master of Science, 
May, 1950. 

' Bakerman, H. A., Silverman, M., and Daft, F.S., J. Biol. Chem., 188, 117 (1951). 

* Suggested by Dr. H. Sober, National Cancer Institute. 
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folic acid show marked increases in glutamic acid activity when heated g 
100°. The effects of heating such a specimen of urine are shown in Table]. 
After 2 minutes at 100°, a rise in glutamic acid activity was detected. 
Maximal activity appears at 60 to 90 minutes. Autoclaving at pH 6.0 to 
7.0 for 10 minutes at 10 pounds steam pressure also results in a maxima 
formation of “free’’ glutamic acid. 

Although the specimen employed in Table I showed a 6-fold increas 
in “free” glutamic acid after heating, samples from FA-deficient rats in 
general show only a 2- to 4-fold increase after heating. 

The glutamic acid derivative which occurs in the urine of animals on 
FA-deficient diet is alkali-labile. The effect of pH after 17 hours storage 
at room temperature is shown in Table II. At pH 12, maximal conversion 
to glutamic acid had occurred. At pH 9.9, more than 50 per cent of the 
glutamic acid was in the available form. At pH 6.0 or below, no conversion 


TaBLs | 
Effect of Heating at 100° on Glutamic Acid Activity 


_ 


Glutamic acid, 7 per ml. 
0 min. 2 min. | 5 min. 10 min. 60 min. 
250 : 335 | 400 | 555 1600 


Urine specimen from FA-deficient rat; pH 6.8. After heating, samples were 
cooled and then sterilized by filtration. 


had taken place. The variations observed at pH 6.0 or below are due to 
slight losses in handling or assay error. The results in Table II are als 
expressed in terms of the ratio, activity of heated sample to activity 
unheated sample. It will be noted that the ratio increases with increasing 
acidity to pH 6.0, indicating the presence of a higher proportion of glutamic 
acid in the heat- or alkali-labile form. In general, the effect of storage at 
pH 12 for 3 to 5 hours at 23° is equivalent to that found on autoclaving 
samples for 8 minutes at 10 pounds steam pressure. In both instances 
maximal occurrence of “free”? glutamic acid results. 

The relationship of the granulocytopenia occurring in SS-induced FA 
deficiency to the excretion of this glutamate derivative in urine is shown 
in Table III. The data shown are typical of those obtained with three 
other rats. The animal (Table III) initially had a normal granulocyte 
count which fell to 100 cells per c.mm. at the 7th week. At this time, 


treatment with FA (20 y per gm. of diet) was initiated and the granulocyte] 


count returned to normal levels. During the entire period, the “free” 
glutamate activity of unheated urine remained essentially the same (3 toé 
mg. per day). However, a measure of the appearance of the labile gluta 
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mate derivative, as indicated by the glutamic acid activity of heated urine 
specimens, showed a rise corresponding to the development of the granulo- 
eytopenia. After treatment with FA began, the excretion of the heat-labile 
Il 
Effect of pH on Glutamic Acid Activity 
Glutamic acid per ml. (e) 
Heat-sterilized* | Filter-sterilized 
(a) 
7 7 
408 90 4.5 
420 276 1.5 


pH adjustment was made with s KOH or x HCl. After 17 hours at 23°, all sam- 
ples were adjusted to pH 6.2. The control specimen was stored at 5° and pH 6.2. 
* Sterilized by autoclaving. 


Taste III 

Relationship of Granulocytopenia to Glutamate Precursor 

Time from start of experiment, wks. 
2 | 3 | 4 | 5 | 6 | ? | 8° 9° 

Granulocytes per c.mm. 
1s00 | 1100 | 400 | 400 | 180 | 100 | 3650 | 1550 
Glutamic acid excreted per day 

ud 3260 | 3480 3900 6420 9880 11,400 2140 | 2340 
Unheated (b).............. 4400 | 4210 | 2660 3050 4900 3,860 3400 3030 
0.74 0.83 | 1.47 2.10 2.02 2.96 | 0.63 | 0.77 


Average food intake = 10.8 gm. per day. 
* Folic acid initiated; 20 y per gm. of diet. 


derivative was no longer detected. The results are reflected in the ratios 
shown in the bottom line. The glutamic acid activity of urine from normal 
rats expressed as the ratio, activity of heated sample to activity of un- 
heated samples, i is less than 1.0. The ratios of specimens from FA-deficient 
animals is greater than 1.0. In this instance (Table III), the ratio rose 
} from 0.7 to 0.8 to about 3.0 and dropped ee normal range after 
treatment with FA was started. 
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The glutamic acid derivative is retained by the cation exchange resin, 
Dowex 50. The activity can be eluted with sulfuric acid. During th 
process, ‘free’ glutamic acid is separated. This is indicated in Table IV. 
When glutamic acid first appeared on elution, samples (at pH 6.0) sterilized 
by autoclaving and filtration had essentially the same activity (Fraction 
20 to 24). As the elution proceeded, the proportion of heat-labile deriva. 


tive increased until a 16-fold increase in activity resulted. 
TaBie IV 
Separation of Glutamate Precursor on Dowex 50 
Glutamic acid per ml. 
fraction No. 7 
Heated | Unheated 
20 172 162 1.06 
21 298 322 0.93 
22 546 567 0.96 
23 470 517 0.91 
24 271 277 0.98 
25 111 sO 1.39 
26 270 60 4.50 
27 796 69 11.53 
28 1194 75 15.92 
29 1192 SO 14.90 
30 1113 75 14.80 
31 950 60) | 15.83 
32 796 | 
33 475 | 


300 ml. of urine from FA-deficient rats were passed through a column 2.5 em. 
wide and packed to a depth of 25 em. with Dowex. The column was washed with! 
liter of distilled H,O, followed successively with 200 ml. each of 1, 5, and 10 per 
cent HAc by volume. The fractions containing glutamic acid activity were thes 
eluted with 1 per cent by volume H,SO,. The flow rate was set at 15 ml. per how 
and 25 ml. fractions were collected. 


The active samples from columns such as those described in Table IV 
contain, in addition to glutamic acid and its derivative, one other amino 
acid. No attempt was made to identify the latter compound. The pres 
ence of the amino acids was determined by the development of paper strip 
chromatograms with butanol, propanol, HCl, and H,0 solutions.’ In add: 
tion to the amino acids mentioned above, ninhydrin-negative contaminant: 
are present. 

Active fractions from Dowex columns were further purified. After con 


* Butanol, 40 parts; propanol, 80 parts; and 0.1 n HCl, 40 parts. This composi 
tion was suggested by Dr. I. Zipkin, National Institute of Dental Research. 


cent 
1.5 W 
forme 
na 
Ba( 
volu 
Th 
of et 
were 
by vi 
addit 
agai 
Com 
resul 
traliz 
sepa 
ethe 
show 
purit 
eryst 
unsu 
conte 
of 5 
prese 
As 
liber 


SILVERMAN, GARDINER, AND BAKERMAN 819 


centration at reduced pressures, the concentrates were neutralized to pH 
|.5 with the addition of powdered BaCOQ, in small portions. The BaSO, 
formed was separated by centrifugation and washed with H,O. The super- 
natant solution and wash were combined and adjusted to pH 2.0 with 
Ba(OH): (saturated solution at room temperature). The washings of the 
BaSO, and the main fraction were combined and concentrated to a small 
volume. 

The concentrate, at pH 2.0, was then treated by the addition of 5 volumes 
of ethanol in aliquots and stored at 5°. Inactive crystalline precipitates 
were removed after each addition of ethanol. The ethanol was removed 
by vacuum distillation and the concentrate was adjusted to pH 5.0 by the 
addition of Ba(OH)2. After the removal of the BaSQ,, the solution was 
again passed through a column of Dowex 50 (2.5 em. wide and 25 em. long). 
Complete separation of the ‘‘free’’ glutamic acid from the labile compound 


TaBLe V 
Composition of Several Ba Salts* 
Me. | Ba | N | | H 
per cent per cent per cent per cent 
37-2 25.80 9.57 27.13 4.62 
37-2R 27.47 10.11 25.58 4.46 
39-1 26. 86 | 10.13 28.31 4.54 


* The authors are indebted to Dr. W. C. Alford for these analyses. 


resulted. The active fractions were combined, concentrated, and neu- 
tralized with BaCO; and Ba(OH),. The supernatant solution of pH 6.5, 
after concentration to a small volume, was treated with 5 volumes of 
ethanol. After 24 hours at 0°, the white precipitate which had formed was 
separated by centrifugation and desiccated with anhydrous ethanol and 
ether. The product, a white powder, was then stored over CaCl. 

The composition of three barium salts obtained by this procedure is 
shown in Table V. Since none of these preparations was crystalline, the 
purity of these samples is as yet undetermined. Thus far, attempts to 
crystallize the barium salt from water or water-ethanol mixtures have been 
unsuccessful. However, if one assumes that each mole of the compound 
contains | atom of Ba or 4 atoms of N, the molecular weight is in the region 
of 500. Evidence for the presence of a minimum of 4 N atoms per mole is 
presented below. 

As noted earlier, preparations of the compound on treatment with alkali 
liberate glutamic acid. Ammonia is also liberated at the same time. The 
composition of the salt with respect to ammonia nitrogen (formed on treat- 
ment with 0.5 saturated K,CO;), total nitrogen, heat-labile glutamic acid 
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available, glutamic acid available after hydrolysis in 6 N H:SO, for is] ; 


hours at 115°, and “free’’ glutamic acid (sterile filtration of sample) i: 
shown in Table VI. The data indicate that the compound contains ? 
moles of glutamic acid (one available after heat treatment at pH 6.0 and 
the other liberated by acid hydrolysis) and 2 atoms of nitrogen readily 
liberated in the form of NH; nitrogen. The nitrogen in the 2 moles ¢ 
glutamic acid and the two NH; groups accounts for all the nitrogen in the 
preparation. The small amount of “free” glutamic acid may represent 
contamination or the slight activity of the heat-labile Ba salt in satisfying 
the glutamate requirements of L. arabinosus. 

Attempts have been made to locate the position of the compound o 
paper strip chromatograms.’ If heated solutions (pH 6.0) of the barium 


Taste VI 
Nitrogen Components of Ba Salt 
with Heat-labile | Acid " 
Sample No. Total N | glutamic | glutamic gcd, | 
37-3 3.57 1.70 3.50 0.05 
39-1 3.60 7.23 1.55 3.56 0.12 
37-2R 3.39 7.22 1.68 3.15 0.09 


All the values are in micromoles per mg. 

* 2 mg. of Ba salt in 1 ml. of H,O were treated with 1 ml. of saturated K,CO, in 
the outer ring of a Conway diffusion unit. The liberated NH, was fixed by 0.5 ml. 
of 4 n H,SO, in the center ring. After 18 hours at 37°, NH;-N in the center ring 
was determined by nesslerization. 

t Autoclaved 10 minutes at 10 pounds steam pressure. 


salt are employed, a ninhydrin-positive spot appears in the position corre- 
sponding to glutamic acid. No other spot is present or becomes evident 
at a later period. However, if unheated specimens are employed, no nin- 
hydrin spot appears shortly after the usual application of the ninhydrin 
reagent and drying processes. Instead, a faint pink spot appears on the 
dried strip after a delay of 2 to 3 days. The spot appears slightly above 
the area corresponding to that of glutamic acid. For example, in 0.02 ml. 
of a solution containing 2 mg. per ml. of the barium salt and 0.01 ml. of s 
0.02 m glutamic acid solution, the R» value found for the barium salt wa 
0.59, that for glutamic acid 0.55. 


DISCUSSION 


It is of some interest that during FA deficiency induced by SS a metabolic 
defect appears which leads to the excretion of large amounts of an unidenti- 


fied glutamic acid derivative. The possibility exists that this derivative 
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is a normal intermediate in the metabolism of glutamic acid and that a 
FA-containing enzyme is required for its further utilization. This is only 
one of several possible explanations for its accumulation. However, in 
order to assess properly the significance of the occurrence of this compound, 
its composition and structure must first be established. Attempts directed 
toward further purification and the determination of composition and 
structure of the compound are now under way. 


SUMMARY 


In folie acid deficiency induced in the rat by succinylsulfathiazole, a 
heat- and alkali-labile compound appears in the urine. Preparations of a 
Ba salt of this compound obtained from urine contained about 50 per cent 
glutamic acid, approximately one-half of which was liberated at 100° and 
pH 6.0 to 7.0. 


The authors wish to express their indebtedness to Dr. Floyd S. Daft for 
his helpful interest and advice during the course of this work. 


Addendum—From a further study of the heat lability of the compound, it was 
found that the maximal liberation of glutamic acid activity referred to in the text 
could be increased by more rigorous heat treatment. Therefore, the assumed stoi- 
chiometric relationship between the acid- and heat-liberated glutamic acid does not 
exist. 
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THE COMBINATION OF ORGANIC ANIONS WITH SERUM 
ALBUMIN 


VIII. FATTY ACID SALTS 


By J. D. TERESI* ann J. MURRAY LUCK 


(From the Biochemical Laboratory, Department of Chemistry, Stanford 
University, Stanford, California) 


(Received for publication, July 17, 1951) 


The evidence for interaction of fatty acid salts with serum albumin 
has been suggested by the observation that changes in electrophoretic 
mobility of this protein have been produced in the presence of fatty acid 
salts (1). Other indirect evidence consists of observations by cloud point 
technique that the thermal stability of serum albumin in aqueous solution 
was much increased by fatty acid anions (2-5), the effect increasing with 
increase of chain length. Still further indirect evidence is found in studies 
on stabilization of serum albumin against urea denaturation by fatty acid 
anions by viscosimetry (6, 7) and studies by Davis and Dubos (8) who 
observed that the salutary effects of serum albumin on the growth of the 
tubercle bacillus in vitro were due to the albumin fixation of oleic acid (and 
perhaps other unsaturated acids) present as a contaminant in the nutrient 
medium. 

Direct evidence for the binding of fatty acids by serum albumin consists 
of results of quantitative experiments by the ultrafiltration technique 
reported by this laboratory (2). High concentrations of protein and anion 
were used in this study, which permitted the use of analytical methods 
which are insufficiently sensitive for application to low concentration in- 
vestigations. The extension of the range of data to the low concentration 
region can be accomplished with the aid of labeled fatty acid salts. 

The results of equilibrium-dialysis studies on the combination of serum 
albumin with the carboxyl-labeled (C") anions acetate, valerate, caproate, 
heptanoate, and caprylate are reported in this paper. 

EXPERIMENTAL 

Albumin—The crystalline bovine serum albumin used was obtained 
from the Armour Laboratories. The water content was obtained by a dry 
weight determination on a sample of protein dried at 110° for 24 hours. 

Anions—The non-radioactive fatty acid salts reported in this paper 

were prepared from the acids by neutralization with sodium hydroxide. 

* Present address, Unites States Naval apenas, Defense Laboratory, San 
Franciseo 24, California. 
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The radioactive carboxyl-labeled (C™) fatty acid salts were obtainei] ; 


through the Atomic Energy Commission from various sources. Th 
sodium acetate was obtained from Tracerlab, Inc., Boston. Sodium cap 
rylate was obtained from the Donner Radiation Laboratory, University 
of California, Berkeley, California. Valerate, caproate, and heptanoat 
were obtained from the Oak Ridge National Laboratory, Oak Ridge 
Tennessee. 

Solutions—Protein solutions (0.4 per cent or 1 per cent) were prepared 
with phosphate buffer at pH 7.6, ionic strength 0.2, or with glycinate 
buffer (0.1 m, pH 9.1, ionic strength 0.1). 

Solutions of sodium acetate containing a constant amount of sodium 
radioacetate were made up to desired concentrations with the glycinate 
buffer described above. Solutions of desired concentrations of the other 
fatty acid salts containing the respective radioactive salts were prepared 
with the phosphate buffer described above. 

Dialysis—Lucite cells with two compartments separated by a semi- 
permeable membrane (commercial sausage casing) were used in equi- 
librium-dialysis studies. To the protein compartment (P) were added 10 
ml. of buffered protein solution and to the anion compartment (A) wer 
added 10 ml. of buffered fatty acid salt solution. A series of these cells 
was prepared with varying concentrations of anions and constant amount 
of protein. Controls containing buffer only in the (P) compartment d 
the cell were prepared for each concentration of anion to obtain a cor- 
rection curve for the amount of anion bound to the cell walls and the cel- 
lophane membrane. The cells were placed in a cold room at 1° for 3 days 
for the low temperature studies. For the high temperature studies, they 
were gently rocked (nine times per minute) for 24 hours at 23°. The 
phosphate buffer was used in all cases except sodium acetate. Binding d 
acetate with albumin in phosphate buffer was not great enough to be de 
tected, presumably due to the close competition by phosphate anions for 
the binding sites on the protein molecule. Glycinate buffer was used in 
this case, since it has been reported by Klotz and Urquhart (9) that this 
buffer exhibits very little or no affinity for the albumin-binding sites. 

After the attainment of equilibrium, the solution in the anion side (A) 
was analyzed as described below. 

Analytical Method—The dialysis studies reported here required the 
quantitative measurement of fatty acid salt concentrations as low as 10° 
mM. The analysis of such small amounts of material was accomplished by 
using radioactive fatty acid salts labeled in the carboxyl group with C“ 
The radioactive solutions were plated, as described below, on aluminum 
disks (12.6 sq. em. area) with a plating area of 3.14 sq. cm. A reproducible 
plating area was obtained by placing a test-tube, mouth down, vertically 
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in the center of the aluminum disk and spraying the ring surrounding the 
tube mouth with a plastic (Krylon, sold by the Foster and Kester Com- 
pany, Inec., Philadelphia). The plating area was cleaned with a strong 
base before use. Plating was done by drying the solution on the disk 
with the aid of an infra-red heat lamp as the disk was rotated on a revolv- 
ing circular disk holder operated by a speed-controlled electric motor. 
The drying of phosphate-buffered solutions on the aluminum disks re- 
sulted in uneven plating. This non-uniform drying is especially objection- 
able in the determination of emitters of very weak 8-particles such as C%, 
for it leads to considerable variations in the analytical results. Another 
dificulty which led to non-controllable errors was the absorption of water 
by the dried material due to the hygroscopic nature of the phosphate 
buffer. These difficulties were obviated by adding | drop (0.05 ml., negli- 
gible weight) of a solution of the detergent Nacconol and | drop (0.05 
ml.) of a 1 per cent albumin solution to the 0.1 ml. of radioactive solution 
on the plate. This procedure resulted in even drying and a decreased 
hygroscopicity. 

In the case of glycine-buffered solutions the above procedure did not 
correct the more pronounced surface irregularities which resulted when 
the samples were dried on the aluminum disks. The problem was solved 
by using, instead of the protein solution, a drop of a solution of urea and 
formaldehyde containing 2 per cent by volume of urea and 7.4 per cent by 
volume of formaldehyde, which upon heating and drying resulted in the 
formation of a polymer with an even layer of negligible weight, having a 
hard glossy surface. 

The disks containing the radioactive samples were placed in the wells 
of an automatic sample changer described by Nye and Teresi (10), which 
fed into a windowless gas flow type counter, and the time required for a 
predetermined number of counts was recorded. The specific activity of 
the solution was then calculated and from this value the concentrations 
of the various solutions were determined. The automatic feature of the 
instrument made possible the attainment of a very low standard deviation 
by facilitating the measurement of a very large number of disintegrations. 
In the present work the number of counts recorded for each sample was 
set to give a standard deviation of about +0.75 per cent. 


Results 
In Table I are summarized the binding data of a typical dialysis experi- 
ment. Column 3 contains the values obtained by subtracting the activity 
of 0.1 ml. of solution, drawn from the (A) compartment of the experi- 
mental dialysis cells, from the control activity of 0.1 ml. of solution cal- 
culated by correcting the theoretical value (original activity) for dilution 
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Dialysis-Equilibrium Data between Bovine Serum Albumin and Caprylate at I* 
Control Moles Free 
(3) (6) (7) (8) (9) (10) 
c.p.m. u xX 106 
22.7 7.35 0.58) 2.57) 4.5 5.7 
9.0 1.6) 0.15 0.55, 3.6 5.7 
26.4 4.4 0.24) 1.54 6.6 5.7 
85.3 40.5, 2.9 | 5651.92 43 
53.0 44.7 10.50 6.95 0.66 143 
38.0 52.9 | 14.5 7.4,0.51 43 
51.5 95.4 17.8 | 13.30.75) 43 
40.0 91.4 26.0 | 12.7 0.49) M434 
40.0 109.2 30.6 (15.3 0.580 43 
40.0 128.0 | 35.6 7.9 0.50, 143 
33.0 120.0 | 42.8 | 16.8) 0.39 M3 
33.0 135.5 49.5 19.0 0.385 143 
30.0 139.0 54.4 | 19.5 14.3 
i€ 


r 

Fic. 1. Binding of caprylate and heptanoate with bovine serum albumin. F 
theoretical curves are shown as solid lines. The experimental points are represente: 
by the following symbols: A, caprylate at 1°; 6, caprylate at 23°; O, heptanoate * 
1°; X, heptanoate at 23°. 
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and for cell and cellophane adsorption. Column 4 shows the values of 
the total differential activity (activity of bound anion) obtained by multi- 
plying values in Column 3 by the aliquot factor (160 in this case). By 
using the specific activity shown in Column 5, the values in Column 6 
(expressed in moles of bound anion) and in Column 7 (expressed in molar- 
ity of free anion) are obtained. Columns 8 and 9 give the average number 
of anions bound per protein molecule (r) and the ratio r/c, respectively, 
for the conveniency of plotting the data. The number of moles of pro- 
tein shown in Column 10 is based upon a value of 70,000 for the molecular 
weight of bovine serum albumin. A few observations on the effect of 


a a 
3 2 6 
r 
Fic. 2. Binding of caproate, valerate, and acetate with bovine serum albumin. 
The solid lines indicate theoretical curves. The symbols for the experimental 
points represent the following: X, caproate at 1°; G, caproate at 23°; A, valerate at 
1° and 23°; O, acetate at 1° and 23°. 


protein concentration in the range 1 to 0.4 per cent have not revealed any 
significant dependence of r on protein content. In Figs. 1 and 2 are pre- 
sented a summary of the binding data for the anions caprylate, hep- 
tanoate, caproate, valetate, and acetate at 23° and 1°. The points on the 
graphs represent the experimental values and the solid lines represent 
curves based on a two constant theory of binding described below. 


Simple Theory—In a previous paper (11) the binding of some organic 
anions with serum albumin was treated by applying the law of mass action 
to the case of multiple binding by using an expression derived by Klotz 
(12) between r and c, shown in Equation 1. 
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This relation is true under the conditions that all binding sites have th 


same intrinsic association constant K and that, aside from the statistied | ; 


factor, the free energy of binding to any particular site is independent 
of binding to other sites. The value of K depends on the nature of the 
protein and the anion and n represents the average maximum number ¢ 
sites per protein molecule. 

Equation 1 may be put into another form shown in Equation 2, as sug. 
gested by Scatchard (13), to indicate the amount of extrapolation needed 
in a plot of r/c against r to determine n and K. 


~ = nK — rK (2) 


According to the above equations a plot of 1/r against 1/c or r/c agains 
r will give a straight line. As can be seen by the curves in Figs. | and 2 
the binding of the fatty acid anions by bovine serum albumin does no 
satisfy the conditions noted above for the simple theory. The exper: 
mental points deviate from a straight line with increase in r or with in- 
crease in free anion concentration. 

The deviation from linearity indicates that there is an electrostatic 
interaction between free anion and bound anion or that the binding in- 
volves more than one binding constant. 

Electrostatic [nteraction—The interaction of bound anion and free anion 
may be treated according to a method recently developed by Scatchani 
(13) from a modified form of Equation 2. 


= nk ok (3 
c 


where w’ = (1 + 1/n)w and the value of w is calculated from the Debye 
Hiickel theory from Equation 4 


in which ¢ is the electronic charge, z the charge on the small ion, D the 
dielectric constant of the medium, k Boltzmann’s constant, T the absolut 
temperature, b the radius of the protein molecule, a the distance of closes 
approach, and 


4Né 


Here, N is Avogadro’s number and IT is twice the ionic strength of t 
medium. ‘To calculate w the values of 30 A for 6 and 31.3 A for a 
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used. Since I for the phosphate buffer used in the present experiments 
is 0.4, a value of 0.0272 for w at 1° has been obtained. For the case of 
the caprylate anion at 1°, at which n has a value of 36, the theoretical 
value of w’ was found to be 0.0280. A convenient way to determine the 
significance of the electrostatic effect, as pointed out by Karush (14), is 
to calculate empirical values of w* from Equation 3 for several values of 
ron the basis of the data. For this purpose Kn = 6.3 X 10* (the value 
of the intercept on the r axis). The results, which are shown in Table 
Il, indicate that the empirical values of w’ are much greater than the 
theoretical value. These results lead to the conclusion that the electro- 
static effect is inadequate to account for the deviation from the simple 


theory. 
Heterogeneity Theory—It has been shown by Karush and Sonenberg (15) 
that the binding of alkyl sulfates to bovine serum albumin can be de- 


II 
Calculation of Empirical Values of w’ for Binding of Caprylate at 1° 
Calculation based on Equation 3. Kn = 6.5 X 10‘, n = 36; theoretical value of 
w’ = 0.0280. 


= w 

3 3.3 X 10¢ 0.0985 
10 0.7 X 10¢ 0.0952 
15 0.5 X 10 0.0646 


scribed in terms of a Gaussian distribution in the free energy of binding. 
This heterogeneity theory was used by one of us (16) to satisfy the ex- 
perimental data of the binding of some nitrophenolates with bovine serum 
albumin. An attempt to treat the binding of the fatty acid anions with 
bovine serum albumin on the basis of the above procedure was made and, 
as shown in the following equations, was found to be inadequate to ac- 
count for the data. 

The equation involved in the heterogeneity theory as reported pre- 
viously (15, 16) is 


r 


=1 — fie) (6) 
where 


1 
and a = In (K/Ko)/e. Ko is an average binding constant which is equal 


da (7) 


“| to the value of 1/e when r = n/2 and o is a measure of the variation of 
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the binding sites with respect to their free energy of binding. The val» 
of o can be found by using the relation recently developed by Karug 
(14) shown in Equation 8. 


In A 

"in 

For the caprylate binding at 1° the value of A (the intercept on the r/; 
axis) is 6.5 X 10‘ and n = 36. From the experimental curve K, i: 
found to have the value 1.25 X 10*, which on substitution in Equation‘ 
gives a value of 2.82 for ¢. With these values, r/c was calculated fe 
several values of c on the basis of Equations 6 and 7. The integral ix 
Equation 7 was evaluated numerically, as reported previously (15, lé 
by Weddle’s rule. When these values are compared to the empiricd 
values, a disagreement is observed. It is concluded that the data canno 
be adequately represented by a Gaussian distribution in the free energy ¢ 
Two Constant Equation—An attempt to fit the data by a relation i» 
volving only two different values of K was made according to a procedur 
originally employed by Scatchard, Scheinberg, and Armstrong (17) in whie 


the following equations are used. 
r mK; 
(+ Ke) * Ke) 
n=m+m (10 


lim = mK, + mK; = A 
c—0 ¢ 


where A is the intercept on the r/c axis of a plot of r/c against r. Th 
values of n and K were determined by employing Equations 10 and 1! 
together with two sets of values of r/c and c in Equation 9. The result 
are given in Table III for 23° and 1°. The values of n are not integm 
because they are average values and because the protein may not be mo 
lecularly homogeneous with respect to its binding properties. An attempt 
to use integral values of n, namely n,; = 5 and nm, = 27, did not give # 
good agreement in some cases between theory and experiment as is obtained 
with the values reported. The reasons for differences in values of n i 
the homologous series and in caprylate at 1° and 23° are not clear. Thi 
discrepancy may be due to experimental errors, since the values of n de 
pend on the experimental value of A in Equation 11. Theoretical curve 
based on these constants are shown in Figs. 1 and 2 in which the point 
are the experimental values. Very good agreement was found betwee 
theoretical curves and the experimental points over the range of r 
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reported. The values indicate that the binding sites may be divided into 
two groups, each group having a different average binding constant. One 
group consisting of about five sites has a strong affinity for the fatty acid 
anions and the other has a low binding constant. There is a possibility 
that there are other groups with still lower binding constants which are 
not detected by the present experimental procedure and the value of n 
would therefore be greater than that used here to fit the data. 
Thermodynamic Data—Table III shows the values of the usual ther- 


modynamic constants, changes in free energy, enthalpy, and entropy, for 


Taste III 
Constants for Equation 9 and Thermodynamic Data for Binding of 1 Mole of Each 
Fatty Acid Salt by Bovine Serum Albumin 
Acetate in 0.1 m glycinate buffer, pH 9.1, « 0.1; other anions in phosphate buf- 
fer, pH 7.6, « 0.2. 


Group I Group Il 
Anion T 
C.| catortes| calories calories | 
Caprylate | 1/5.0-5.13|—4.74 | 1.22 | 1.42]81 |~2.71 |-2.34 [0.0145 | 1.37 
23 —5.16|—4.74 | 0.645 | 1.42127 |—2.74 |—2.34 0.0105 | 1.37 
Heptanoate | 1 /4.7|—4.25|-3.32 | 0.244 | 3.4 —2.34 |—1.96510.0074 | 1.36 
23 —4.32/-3.32 | 0.155 | 3.5 1.38 
Caproate 1/4.5-3 0.823 0.0622 | 9.7 |27.5|—2.21 |—0.452/0.0058 | 6.41 
23 4.5 —3.73|—0.822| 0.0555 | 9.8 |27.5|—2.33 |—0.45210.00545! 6.35 
Valerate 1|5.0—3.29| 0.0 | 0.042 [12.0 |27.0\-1.96 | 0.0 0.0087 | 7.17 
2315.0 —3.56 0.0 | 0.042 /12.0 \27.0\—2.12| 0.0 (0.0087 | 7.17 
Acetate 1/5.0—2.38| 0.0 | 0.008 | 8.7 |27.0\-1.25| 0.0 |o.001 | 4.57 
23 |5.0—2.58| 0.0 | 0.008 | 8.7 [27.01.36 | 0.0 | 4.57 


the binding of 1 mole of each fatty acid anion to 1 mole of bovine serum 
albumin in the presence of the buffers given. It is evident from the values 
of the constant and from the curves in Figs. 1 and 2 that a temperature 
coefficient exists in the cases of caprylate, heptanoate, and caproate but 
not in the other cases. This is a contradiction of the data for caprylate 
obtained by ultrafiltration studies and reported previously by this labo- 
ratory (2). An examination of the previous data shows that, due to dif- 
feulty in analytical procedures, binding in the region of low free anion 
concentration was not possible and that the lowest concentration used was 
in the region where r is about 20. An inspection of the present binding 
curves (Fig. 1) at 1° and 23° for caprylate shows that the differences in 
the curves in this region are quite small and the interpretation of data 
obtained with concentrations of free anion equal to or higher than con- 
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centrations at r = 20 led to the conclusion that the binding was not dé 
pendent on the temperature. 

The values in Table III indicate that a strong affinity for the protex 
is exhibited by the long chain fatty acid anions and this tenacity decrease 
with decrease in chain length. In fact, as was pointed out above, th 
binding is so weak in the case of acetate that a different standard stay 
(glycinate buffer instead of phosphate) had to be used to enable detectie 
of the binding. The increase in strength of bond with increase in chair 
length is in agreement with studies on interaction of some fatty acid saly 
by ultrafiltration (2) and with studies on interaction of organic acid anion 
with wool and other proteins (18-20). It is of interest to note that th 
effect of stabilization against heat, urea, or guanidine denaturation ¢ 
serum albumin by fatty acid salts increases with increase in chain length 
(5, 6). These results suggest a secondary contribution to the protein 
anion interaction by the non-polar part of the chain. The primary force 
are those involving the positive charge of the amino groups and the neg. 
tive charge of the anion, since removal of these charges results in almost nm 
binding (5, 16). Further evidence of the secondary type of interactio 
with serum albumin may be seen by an inspection of the values for th 
change in entropy. One would expect a positive entropy change due t 
the liberation of water molecules during the binding of a hydrated anio 
to a hydrated positive amino group. The amount of this change woul 
be decreased if another process tending to decrease the production of ran 
domness were taking place simultaneously. By increasing the number ¢ 
non-polar atoms in a fatty acid chain the conditions for producing a mor 
rigid configuration (decreasing the randomness of the system) would & 
present if, and only if, these groups were instrumental in binding the noo 
polar parts of the side chains of the albumin molecule. An inspection ¢ 
the values for AS in Table III shows that as the chain length increas 
(from valerate to caprylate) the value of the positive entropy change dé 
creases. Acetate binding shows a high positive entropy change but 
lower than that exhibited by valerate binding; however, this is probabl 


due to the difference in the standard states of the two systems. 

The contribution of non-polar groups to the interaction of molect 
and serum albumin is greatly supported by the observation of K 
(14) that dissolved toluene was able to inhibit the binding of an anion 
azo dye. He attributed this to the competitive binding of the toluene by 
uncharged groups of the protein which are also involved in the bindi 
of the dye. 

Additional evidence pointing to the significance of the uncharged grot 
of the albumin in forming complexes is seen from the fact that the st 
of binding is enhanced by an increase in the size of the non-polar porti 
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of the bound molecule in the cases of the alkyl sulfates reported by Karush 
and Sonenberg (15). 

Finally, the difference in binding by albumin between chloride ion (14, 
17) and a number of relatively large organic anions (11, 12, 14-16) adds 
sill more to the evidence in support of the significance of non-electrostatic 


The reversible binding of five fatty acid anions by bovine serum albu- 
min has been investigated at two different temperatures by the equilib- 
rium-dialysis method. The binding data were accurately described on 
the basis that the binding sites per protein molecule can be divided into 
two groups, each group characterized by a particular binding constant. 
The values for the association constant, AF°, AH°, and AS”, for the two 
groups were determined for the anions listed. The interaction of un- 
charged groups of the protein, in addition to the electrostatic attraction 
between the protein and anion, was shown to be involved in the forma- 
tion of complexes. This non-polar interaction was discussed on the basis 
of the fact that the strength of binding is enhanced by an increase in chain 
length of the non-polar portion of the bound molecule. Finally, the réle 
of these non-electrostatic interactions was shown by a consideration of 
the values for the positive change of entropy. 


A grant-in-aid from the Rockefeller Foundation is gratefully ac- 
knowledged. 
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NUCLEIC ACID PHOSPHORUS IN SUBMAXILLARY GLANDS 
OF MICE AFTER DUCT LIGATION 


By M. RABINOVITCH, H. A. ROTHSCHILD, anv L. C. U. JUNQUEIRA 


(From the Department of Histology and Embryology, Faculty of Medicine, University 
of Sao Paulo, Sao Paulo, Brazil) 


(Received for publication, June 20, 1951) 


Previous research from this laboratory (1, 2) has demonstrated that 
ligation of the excretory ducts of the submaxillary glands of mice leads to 
an atrophy of these organs. Cytological, histochemical, and biochemical 
data indicate that secretory processes are absent or greatly reduced, and 
no degenerative processes can be observed in a gland under these condi- 
tions. This atrophic process begins 2 to 3 days after duct ligation and 
reaches its maximum 15 to 30 days later. Duct-ligated glands are thus 
considered “resting” glands, useful for a comparison with normal ones in 
studying phenomena related to cell secretion. 

In view of the importance attributed to ribopolynucleotides in processes 
involving protein synthesis (3, 4) and the absence of biochemical data on 
protein-secreting glands, it seemed of interest to study the weight and 
nucleoprotein phosphorus content of normal and duct-ligated glands. 


EXPERIMENTAL 
Material and Methods 


Adult male albino mice were used. Ducts of glands of the right side 
were ligated as described (2), those on the left remaining as controls. 
The animals were killed after 18 hours fasting by mechanical destruction 
of the encephalon, and the glands were weighed on a torsion balance and 
homogenized with distilled water in a glass homogenizer. The animals 
were sacrificed 7 (Group I) and 30 days (Group II) after duct ligation. 

Ribonucleic acid phosphorus (RNAP) and desoxyribonucleie acid phos- 
phorus (DNAP) were determined in | ml. aliquots of | per cent homogen- 
ates by Schmidt and Thannhauser’s method (5) as modified by Davidson 
etal. (6). Sodium hydroxide was reduced to 0.1 N because in these con- 
ditions the precipitation of the DNAP-containing fraction was greatly 
favored. Control experiments with pancreas and thymus showed that the 
depolymerization of ribopolynucleotides was the same as with the 1 N 
sodium hydroxide. Inorganic phosphorus was estimated by the Denigés 
(1927) method, as modified by Pereira (7) and by one of us (8). 

Reproducibility of the method used was tested and variation coefficients 
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The differences between the data for the control and duct-ligated gland: 
Animal weight 


with values around 3.5 per cent for DNAP and 5.0 per cent for RNAP 


were obtained. 
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were studied by the ¢ test for correlated values, as described by Patterson 


ples 


Values of ¢ corresponding to a probability of 0.05 or less were con- 
sidered as indicating statistically significant differences. 


Dry weight to wet weight determinations after 7 days in duct-ligated 


(9). 
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and control glands showed a greater water content in the former. There- 
fore differences between the nucleic acid phosphorus content of duct- 
ligated and control glands are actually higher on a dry weight basis than 
those shown in Table I. 

Results 


The data obtained with glands 7 (Group I) and 30 (Group II) days 
after duct ligations are presented in Table I. 

Analysis of Table I shows the following statistically significant differ- 
ences existing between control and duct-ligated glands: (a) A decrease of 
the mean weight of duct-ligated glands. The percentage decrease (con- 
dering the values for control glands as equal to 100 per cent) is greater 
for animals of Group II than of Group I. (6) An increase of the mean 
DNAP content per 100 mg. of fresh tissue in duct-ligated glands. The 
percentage increase is similar for Groups I and II. (c) A decrease in the 
average RNAP content per 100 mg. of fresh tissue in duct-ligated glands. 
The percentage decrease is greater for the glands of animals in Group II 
than for those of Group I. (d) A decrease of the RNAP to DNAP ratio 
in duct-ligated glands. The percentage decrease of this ratio is greater 
for animals of Group II than of Group I. 


DISCUSSION 


The marked decrease in the RNAP of “resting” glands as compared 
with that in the controls suggests a relation of ribopolynucleotides with 
the phenomena of protein synthesis in submaxillary glands. This result 
probably constitutes the first biochemical confirmation of views of Brachet 
and Caspersson obtained in a protein-secreting gland. The application of 
this hypothesis for growing tissues has already been demonstrated in re- 
generating liver (10, 11), fibroblasts in tissue cultures (12), pigeon crop 
gands (13, 14), compensatory renal hypertrophy (15), and androgen- 
stimulated seminal vesicles of rat (16). It has also been studied in the 
protein synthesis by the liver in different nutritional and hormonal con- 
ditions (17). 

Our data indicate that as early as the 7th day after ligation marked 
changes occur in these glands, and are larger by the 30th day. 

Special attention should be given to the DNAP of organs in which 
changes in cell volumes occur under different experimental conditions. 

Our results, pointing to an increase in the DNAP content per 100 mg. 
of fresh tissue in duct-ligated glands, are probably due to a decrease of 
cell volumes and the consequent increase of the cell and nuclear population 
per unit of weight. Biochemical results as related to DNAP content are 
estimated on a per cell basis, 
ples being avoided. 
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SUMMARY 


Ribonucleic and desoxyribonucleic acid phosphorus was determined 7 


and 30 days after ligation of the ducts of submaxillary glands of mice. 4 
decrease of wet weight of RNAP and of the RNAP to DNAP ratio was 
observed in the duct-ligated glands as compared with their controls. Ap 
increase in the DNAP content was found in the duct-ligated glands as 
compared to their controls. The significance of these results is discussed. 
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FORMATION OF LACTOSE IN HOMOGENATES 
OF MAMMARY GLAND* 


By F. J. REITHEL, M. G. HOROWITZ, HAROLD M. DAVIDSON, t+ ann 
G. W. KITTINGER 


(From the Department of Chemistry, University of Oregon, Eugene, Oregon) 
(Received for publication, August 20, 1951) 


In 1935, Grant (1) successfully demonstrated the in vitro biosynthesis of 
lactose from glucose in slices of guinea pig mammary gland. Lactose was 
determined by a differential fermentation method. Under the conditions 
employed, sugar phosphates were not converted to lactose either in slices 
or minces of lactating gland. 

Recently this work was confirmed and extended by Malpress and Mor- 
rison (2), who found glucose, glycogen, and maltose! to give rise to lactose 
in slices of lactating mammary gland. These workers used a colorimetric 
method for determining lactose (3). Again, attempts to obtain active 
extracts met with failure. 

The various mechanisms proposed to account for the conversion of 
glucose to lactose have been discussed by Folley (4). It is obvious that 
two major obstacles bar progress on this problem. First, it is necessary 
to obtain a homogenate or extract which retains the capacity to synthe- 
size lactose. Secondly, it is necessary to devise a method for determining 
lactose which is specific, sensitive, and, if possible, suitable for routine 
work. 

In the following it will be shown that it is possible to prepare from the 
lactating mammary gland of the guinea pig a homogenate capable of 
lactose synthesis. Such preparations have been used to examine a variety 
of substrates suspected of being lactose precursors. 


Materials and Methods 


Preparation of Homogenates--Female guinea pigs were sacrificed about 
5 days after delivery of young, care being taken to insure adequate suck- 
ling. From the freshly excised mammary glands were prepared homo- 
genates with the aid of a Potter-Elvehjem glass homogenizer (5). Water, 
sucrose, and potassium chloride solutions were variously used as a medium. 


* Presented in part at the 118th national meeting of the American Chemical 
Society, Chicago, September, 1950. This work has been generously supported by 
the Office of Naval Research under contract, N6-onr-218, Task Order 2. 

t Present address, Department of Physiological Chemistry, University of 
Pennsylvania. 

*Malpress, F. H., personal communication. — 
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Compounds—Uniformly labeled glucose-C* was kindly furnished by 
Dr. Martin Gibbs, Brookhaven National Laboratories. The glycoge 
used was a Pfanstiehl product. Glucose-1-phosphate was prepared by th 
method of McCready and Hassid (6). Glucose-6-phosphate was kindly 
furnished by Dr. Marjorie Swanson, Wake Forest College. Schwart 
fructose diphosphate was purified according to Dounce and Beyer (7) 
Glucose-4-phosphate (8), 8-galactose-l-phosphate (9), and a-lactose-|. 
phosphate (10) were synthesized in this laboratory. A preparation ¢ 
synthetic galactose-6-phosphate was obtained through the courtesy ¢ 
Dr. J. E. Seegmiller, National Institutes of Health. The highly purified 
lactase from calf intestine was prepared by a method described elsewher 
(10). A sample of isomaltose was kindly donated by Dr. Edna Mont. 
gomery, Northern Regional Research Laboratory. a- and B-amylase wer 
obtained from the Nutritional Biochemicals Company. 

Incubation—All of the experiments reported here were conducted is 
purified nitrogen, or 95 per cent nitrogen-5 per cent CO, at 37°. Mixing 
was accomplished by a slow gas stream passing through the reaction mix 
tures. The pH was maintained at 7.2 in all cases. 

Chromatography—Both ascending and descending techniques were used. 
Most satisfactory was the apparatus furnished by the University Appan- 
tus Company, Berkeley, California, which was installed in a large constant 
temperature cabinet maintained at 28°. An s-collidine-water solvent sys 
tem was used as recommended by Partridge and Westall (11). Alkaline 
silver nitrate was employed in detecting the sugar spots on the paper (12). 
Whatman No. 1 paper was used. 

Determination of C'—Samples containing C™ were oxidized (13) in a 
apparatus which is a modification of that described by Skipper et al. (14). 
The barium carbonate was plated out (15) and corrections applied fe 
self-absorption. Counting was done with a Tracerlab TGC-2 Geiger. 
Miiller tube and a No. 64 scaler. 


EXPERIMENTAL 


Glucose As Substrate—Experimental mixtures for incubation were mad 
up such that the following were present in the designated final concentrs 
tion: homogenate (water) 2.5 per cent; glucose 0.07 mM; potassium chloride 
0.087 m; MgCl.-6H,O 6.5 & 10-* M; potassium phosphate buffer, pH 72 
0.04 m. This mixture is indicated as “Control” in Table I. The total 
volume was 4.0 ml. 

After incubation for 1 hour, the samples were deproteinized with sine 
sulfate and barium hydroxide (16). To each were added 4.00 mg. 
lactose,? the mixture was centrifuged, and aliquots of 10.0 ml. of the super 


? The colorimetric method for lactose is highly sensitive to oxygen and a plot 
color density against concentration yields a curve which does not always enter th 
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natant fluid fermented for 4 hours with about 160 mg. of well washed 
bakers’ yeast. Lactose was determined colorimetrically (17). The re- 
sults are presented in Table I. In a duplicate experiment, a homogenate 
made up with 9 per cent sucrose gave similar results. 

A similar experiment is summarized in Table II. The tissue was ho- 
mogenized in 0.5 per cent lactose. In this case both glucose and lactose 
were determined by a differential fermentation method (17) similar to 


that employed by Grant (1). 


Taste I 
Effect of Adenosinetriphosphate and Diphosphopyridine Nucleotide on Lactose 
Synthesis 
Flask No. Contents a Increase in lactose 
| Control | 0.0 
2 “+ 20 yu Na ATP + 2.4 um DPN added | 0.2 
4 “ 4+ 24 yum DPN added 0.3 


~ © In this flask 4 om of ATP were added initially, 8 ast at 15 minutes, and 8 pst at 
D minutes. 


Taste Il 

Glucose and Lactose Changes during Incubation with Mammary Homogenate 
Each flask contained 0.04 « phosphate buffer, pH 7.2, 0.005 uw MgCl, 0.008  so- 
dium succinate, 9.6 X 10°' « DPN, 0.09 « glucose, 0.0042 m lactose, 3.2 per cent ho- 
mogenate. Total volume 6.2 ml. At 0, 30, and 60 minutes 13um of Na ATP were 
udded. Incubation | at 37° for 90 minutes i in ‘nitrogen. 


Initial Final 
Glucose 90.8 86.0 
Lactose 8.4 12.1 
It should that 
Quite frequently preparations were found which failed to show synthetic 


activity. Indeed, when aerobic conditions were used, lactose values tended 
to decrease. Since Barrenscheen and Alders (18) had found conversion 
of lactose to lactic acid in lactating gland and also evidence for aerobic 
glycolysis, it seemed possible that synthesis and destruction of lactose 
might be concurrent and therefore that synthetic activity could not be 
ruled out, even if no net synthesis occurred. Further, the amounts of 


origin. When very small lactose concent rations were to be determined, it was found 
advantageous to add lactose to all samples, thus determining the value sought by 
difference. 
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lactose synthesized were so small that the methods employed were being 
used at the lower limit of reliability. In view of these facts, glucose-C" 
was used in an effort to achieve a more reliable criterion of synthesis, 
In these experiments a 16 per cent mammary homogenate was made up 
in a 0.039 mM MgCl.-6H,0-0.52 m KCl medium.-. Each incubation mixture, 
total volume 2.4 ml., contained 2.6 per cent homogenate, 0.087 m KC1; 
0.0065 m MgCl.-6H,0, 0.04 m phosphate buffer, pH 7.2; 0.005 m Na ATP, 
glucose 0.477 mg. (0.001 m) with a total activity of 6.72 K 10° ¢.p.m. 
One sample was deproteinized immediately with zine sulfate and barium 
hydroxide. Other samples were incubated for | and 3 hours respectively. 
After deproteinization, the supernatant fluid obtained was evaporated to 
dryness and the residue extracted with pyridine (19). 
chromatographed on paper. In the unincubated control, only the glucose 
spot was radioactive. In the 1 hour incubation, activity could be found 


at R, 0.08, 0.24 (lactose), 0.50 (glucose), and 0.69; after 3 hour incubation, | 
at 0.12, 0.24, and 0.50. The only spot showing visual reduction was that — 


of glucose. 

Radioactive areas were cut out and extracted with water in a small 
extractor. Recoveries of activity were as follows: total counts from con- 
trol, 5.8 X 10* ¢.p.m.; eluate of the lactose spots, total 8.1 X 10? ¢.p.m.; 
combined recovery for 1 hour sample, 5.5 10° ¢.p.m. 

Another experiment was performed in which the preparation of the 
homogenate and the incubation conditions were identical, except that to 
each sample were added 1.69 mg. of glucose (0.004 m) with a total count of 
3.6 X 10'c.p.m. The same type of chromatogram was obtained, although 
here conditions were such that the blank yielded no lactose spot, while the 
incubated samples showed weak but definite lactose spots. 

A carrier crystallization was carried out with the pyridine extract of 
the 3 hour incubation. An aliquot of 0.096 ml. from the 0.50 ml. total 
was dried, 45.32 mg. of unlabeled lactose were added, and the whole re- 
crystallized from aqueous alcohol. Upon recrystallization, an activity of 
4.8 ¢.p.m. per mg. was found. A second recrystallization yielded a product 
having an activity of 4.8 ¢.p.m. per mg. 

In a third experiment conditions were similar, except that the total 
volume of the incubation mixture was 12.0 ml. and contained 19.8 mg. of 
glucose with a total activity of 1.8 105 ¢.p.m. After incubation and 
pyridine extraction, 23.3 mg. of unlabeled lactose were added to the total 
dried residue and the lactose crystallized from aqueous alcohol. The first 
recrystallization yielded a product having a specific activity of 37.3 + 04 
c.p.m. per mg. The lactose from the second recrystallization had a specific 


activity of 36.4 ¢.p.m. per mg. This indicates a synthesis of about 08° 


mg. of labeled lactose, assuming it to be uniformly labeled. 
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Glycogen As Substrate—A 16 per cent mammary homogenate was made 
with 0.28 ma KCl as a medium. Each incubation mixture, total volume 
16 ml., contained 4 per cent homogenate, 0.07 m KCl, 0.013 m potassium 
bicarbonate as buffer, 20 mg. of glycogen (when added). After 1 hour 
incubation, the samples were deproteinized and dried. One set of samples 
was extracted with pyridine and chromatographed. The other set was 
incubated for several hours with a purified preparation of calf intestinal 
lactase at pH 5.5 and 37°. These samples were then dried, extracted with 
pyridine, and chromatographed. The results are shown in Table III. It 
is to be noted that some increase in lactose occurred even when no glycogen 
was present, indicating the presence of an endogenous precursor. It is 
significant that lactase treatment caused the complete disappearance of 


Taste Ill 
Chromatographic Pattern before and after Lactase Treatment 
The standards gave the following Ry, values: lactose 0.21; maltose 0.31; galactose 


OF 


Unincubated blank Incubated blank blank, Incubated with glycogen | ue lycogen 


SPER BP 


0.10 (Faint) 0.11 | 0.210 0.10 0.10 


| | | 0.28 
| | | 0.31 (Faint) 

| 0.41 | 0.41 | 0.41 


the spot at R, 0.21, since it has been reported that lactose has the same 
Ry, as isomaltose (20). This we have confirmed. The results of this ex- 
periment indicate that no detectable amount of isomaltose was formed 
during incubation of glycogen with mammary homogenate. However, 
two reducing substances, as yet unidentified, appear at R, 0.10 and 0.26, 
the latter disappearing on lactase treatment. 

In another series of experiments, identical incubation conditions and 
concentrations were employed as above, but treatment after incubation 
differed. After deproteinization with zine sulfate and barium hydroxide, 
1.1 volumes of 95 per cent ethanol were added, the samples centrifuged, and 
the supernatant fluid evaporated to dryness. The residues were treated 
variously with a-, 8-, and salivary amylase for 12 hours at 37° and then 
fermented with a well washed suspension of Saccharomyces carlsbergensis 
for 24 hours at 37°. These samples were deproteinized again and lactose 
Was estimated by the colorimetric procedure (17). Table IV indicates the 

-‘Tesults. 


AeReane 


| 
0.36; and glucose 0.40. 
Rp values 
0.22 0.21 
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It is apparent that the colorimetric method is not reliable without pre. 
treatment of samples and that the values obtained depend on the type of 
treatment. It has been suggested (2) that the chief interfering substance 
is a low molecular weight dextrin. 

Glycolysis Intermediates—The fact that lactose appears to increase during 
anaerobic incubation suggested that glycolysis intermediates might be ef- 
fective as precursors of lactose, and some of these were tested accordingly. 

A 10 per cent homogenate in 0.01 m CaCl, was prepared and used as 
indicated in Table V. After incubation for 75 minutes, the samples were 
deproteinized with zinc sulfate and barium hydroxide. Aliquots were 
passed through short alumina columns to remove glucose-1-phosphate and 
then incubated with well washed bakers’ yeast (to remove any glucose 


Taste IV 
Formation of Lactose from Glycogen in Mammary Homogenates 
Treatment with 
Incubation time 
a-Amylase | §-Amylase and) “Lactose” found 

min. | mg. 

0 | 
133 | 8.5 

0 + 1.8 
133 + 7.2 

0 + + 1.0 
133 + + 5.3 

0 + + —0.3 
133 + | + | 3.0 


— 


which might have been formed) at 37° for 3 hours. Lactose was deter- 
mined colorimetrically. The results are reported in Table V. 

Under similar incubation conditions neither glucose-6-phosphate nor 
fructose diphosphate was found to give rise to detectable amounts of laetose. 

Other Sugar Phosphates—Some years ago Dr. C. F. Cori suggested to one 
of us (F. J. R.) that lactose might arise from the condensation of 8-galac- 
tose-1-phosphate and glucose. This idea also has appeared since in print 
(4). Mammary gland does not liberate inorganic phosphate from §-galac- 
tose-1-phosphate rapidly; nor does the concentration of 10 minute hydro- 
lyzable phosphate change. Under identical conditions a-glucose-1-phos- 
phate does not yield inorganic phosphate but is converted rapidly into 
an acid-stable compound as yet unidentified. When §-galactose-1-phos- 
phate plus glucose, or plus a-glucose-1-phosphate, is used as substrate, 
there is no increase in inorganic phosphate or lactose levels. 8-Galactose- 
1-phosphate plus glycogen appears to give rise to some increase in lactose 
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when paper chromatography is used as a criterion, but does not seem to 
be markedly superior to glycogen alone. 

Again, glucose-4-phosphate has been suggested as an intermediate in 
galactose formation (21). When tested in homogenate systems known to 
have synthetic activity, this phosphate ester appears to be inert. 

It has been postulated (2) that non-appearance of lactose as such from 
added substrate may be due to the fact that some derivative of the disac- 
charide is formed, such as lactose-l-phosphate, which is slowly broken 
down. This ester has also been suggested as an intermediate in lactose 
fermentation by yeasts (22). Although incubation of mammary homo- 
genates with 8-galactose-1-phosphate plus glucose-1-phosphate yielded no 
evidence indicating the formation of lactose, there was a definite pos- 


TaBLe V 
Glucose-1-phosphate As Precursor of Lactose 


Lactose 
0.5 
No glucose-1-phosphate or 0.0 
2X concentration 1.5 


*The complete system contained in a volume of 4.0 ml.: 2.5 per cent homoge- 
nate, 0.02 m potassium glucose-l1-phosphate, 0.05 « barium acetate, 0.05 m potas- 
sium chloride. 


sibility that, even if lactose-1-phosphate were formed, the rate of hydroly- 
sis would be slow. Accordingly, a-lactose-1-phosphate was synthesized. 
When chromatographed with a tertiary butanol-water-picric acid solvent 
on oxine-treated paper as recommended by Hanes and Isherwood (23), 
4 single spot was obtained at R, 0.16. No such spot has been observed 
as yet in chromatographs of trichloroacetic acid filtrates of mammary 
gland. Moreover, incubation of mammary homogenates with lactose-1- 
phosphate does not cause a decrease in the concentration of 10 minute 
labile phosphorus. 

Since the work of Caputto et al. (24) has indicated the conversion of 
galactose-1-phosphate to glucose-6-phosphate, it seemed plausible that in 
mammary gland there might be a conversion of glucose-6-phosphate to 
galactose-1-phosphate or galactose-6-phosphate. However, the latter com- 
pound did not stimulate lactose synthesis in mammary homogenates, with 
paper chromatography as a criterion. 
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DISCUSSION spite 


It is obvious from the results presented that no substrate tested promoted 
generous lactose synthesis. This may be due, in part, to the fact that op- lactas 
timum conditions have not as yet been defined, although the work pre- blank 
sented is based on nearly 200 experiments in which incubation times, frequ 
concentrations, temperatures, and “fortifiers’’ were varied. In order to 
investigate the effect of such variables intelligently and with reasonable 
dispatch, it is mandatory that adequate analytical methods be available. | 44 
Nearly all previous work in this field can be criticized on this basis alone, phos 
as has been pointed out (2, 4). If the amount of lactose synthesized per 
hour per gm. of dry weight in the above experiments is compared with the | 44 q 
values obtained by using tissue slices (1, 2), it will be seen that the rate is 
equal or, in some cases, greater. However, the synthetic activity of the 
homogenate system is not maintained for more than 1 hour, whereas subst 
slices appear to remain active for several hours. Th 

When glucose is used as a substrate, employment of the colorimetric in gly 
lactose determination is probably justified, since chromatographic inves- 
tigation showed no reducing substances other than glucose, lactose, and stents 
the R, 0.1 substance. This last has been isolated by the chromatopack 
technique (25) and has been found not to contribute to the color produced This 
during lactose estimation. Similarly, the differential fermentation method | 4). | 
is probably reliable, since the Ry 0.1 material is non-fermentable under} ,,.4, 
our conditions. It will be noted that relatively high concentrations of 
ATP seem to be necessary for the conversion of glucose to lactose. This oligos 
is readily verifiable qualitatively by paper chromatography. Neverthe- 
less, it seems certain that glucose carbon becomes incorporated into the 
lactose molecule under the conditions cited, although more work will be; Wt 
necessary to discover whether it will be found in both the glucose and} are i 
galactose moieties. appal 

Glycogen appears to be somewhat more effective than glucose as a pre-| Was 1 
cursor of lactose, but the number of reducing substances formed as evi-}| Ses 
denced by the chromatographic pattern renders the colorimetric method of 
analysis suspect. In particular, the substance appearing at R, 0.26 re- 
mains to be investigated as to its ability to form a pink color with methyl 
amine. The rdle of glycogen in mammary gland is a controversial one (4). 
It has been found’ that glycogen levels in lactating gland are vanishingly 
small, although they tend to rise on cessation of lactation. The low levels 
per se do not speak against glycogen as an intermediate but only as 4 
storage substance. It is noteworthy that glycogen has been found to 
stimulate lactose formation in mammary slices (2) but it is difficult to 
understand how, in this case, glycogen can cross the cell membrane. In 


* Unpublished observations. 
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spite of the analytical uncertainties, it is felt that the chromatographic 
patterns reported in Table III evidence lactose synthesis as such. Again 
it is interesting that the R, 0.26 substance disappegrs on treatment with 
lactase. Further, the increase in lactose concentration in the incubated 
blank is worthy of note. This phenomenon is not constant, but appears 
frequently enough so that both incubated and non-incubated blanks are 
required in such experiments. It seems likely that small amounts of a 
lactose derivative or precursor are present in some preparations. 

Although the sections pgesenting negative results with the various sugar 
phosphates are hardly conclusive in spite of the fact that these substrates 
were checked with systems known to be synthetically active, yet it was 
felt desirable to include them to indicate the range of this investigation. 
A preliminary survey of the level of the various phosphate esters in mam- 
mary gland* has not indicated as yet any marked accumulation of known 
substances or the presence of unknown phosphates. 

The fact that no sugar phosphate, in particular any of those involved 
in glycolysis, seems more effective than glucose leads to speculation. The 
possibility that glycolysis and lactose synthesis compete for the same sub- 
strates is being investigated with the aid of inhibitors. An alternative 
possibility is that the key synthetic reactions are non-phosphorylative. 
This is supported to some extent by the data of Table V, which show 
that reduction of phosphate concentration by the addition of barium ion 
tends to favor synthesis. This latter thesis obviously implies the presence 
of an inversion enzyme acting on carbon 4 of glucose, either free or as an 
oligosaccharide. 

SUMMARY 


When homogenates of the lactating mammary gland of the guinea pig 
are incubated with glucose, glycogen, or glucose-1-phosphate, there is an 
apparent lactose synthesis. In the systems used, the carbon of glucose-C™ 
was incorporated into lactose. 

Several sugar phosphates were tested as lactose precursors. 
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PYRUVIC ACID METABOLISM 


Ill. A MANOMETRIC ASSAY FOR PYRUVATE OXIDATION FACTOR* 


By I. C. GUNSALUS,f M. I. DOLIN,t ann LENA STRUGLIA$ 


(From the Laboratories of Bacteriology, Indiana University, Bloomington, Indiana, 
and University of Illinois, Urbana, Illinois) 


| (Received for publication, June 19, 1951) 

‘Using a strain of Streptococcus faecalis as an experimental organism, 
0’Kane and Gunsalus (1, 2) have shown that an unidentified nutrient not 
replaceable by known vitamins or coenzymes is required for the oxidative 
decarboxylation of pyruvic acid. Until identified, to denote biological 
activity and the site of action, this substance has been referred to as 
pyruvate oxidation factor (POF). Cell suspensions which oxidize or dis- 
mute pyruvate can be prepared either by growing the organism in the 
presence of this essential metabolite or by adding it to cell suspensions 
harvested from a synthetic medium devoid of POF. The observation that 
such cells contain pyruvate dehydrogenase apoenzyme formed the basis 
for the assay used by O’Kane and Gunsalus (2) and for its adaptation to 
the assay of purified pyruvate oxidation factor as described in the present 
paper. 

Snell and Broquist (3) have demonstrated that the pyruvate oxidation 
factor will stimulate the growth of Lactobacillus casei in the acetate-re- 
placing factor assay of Guirard, Snell, and Williams (4, 5), as will protogen 
(6,7). Cross-assays of a growth factor for Butyribacterium retigeri, BR 
factor (8), and pyruvate oxidation factor, with both B. retigeri and the 
manometric assay described in this paper, have demonstrated the similar- 
ity of these two factors.' More recently, Lytle and O’Kane (9) have 
demonstrated that the pyruvate oxidation factor will replace reticulogen 
for the growth of Streptococcus cremoris (10). 

The demonstration of several forms of the pyruvate oxidation factor 
(11, 12), of protogen (7), and of the BR factor (8) complicates the inter- 
pretation of cross-assays, since the three organisms used for the assay of 


these factors do not respond equally to all forms of the factor. 


* This work was supported in part by the Office of Naval Research. 

We wish to thank Eli Lilly and Company for preparing concentrates of pyruvate 
oxidation factor. 

t Present address, Department of Bacteriology, University of Illinois, Urbana. 

} Present address, United States Department of Agriculture, Bureau of Animal 
Industry, Beltsville, Maryland. 

'Gunsalus, I. C., and Barker, H. A., unpublished data, 1949. 
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PYRUVIC ACID METABOLISM. III 


This paper, outlines the conditions for obtaining maximum oxidation 
rates by S. faecalis, strain 10C1. Cells of this organism, grown in either 
synthetic or yeast extract-containing media, are deficient in’ thiamine, 
riboflavin, adenosine, glutamate, and magnesium ion, in addition to POF. 
The addition of these substances makes possible a rapid, accurate, and 
reproducible assay for pyruvate oxidation factor in crude or fractionated 
material. 


Methods 


Culture—S. faecalis, strain 10C1, was maintained in stock agar as indi- 
cated by O’Kane and Gunsalus (2). An inoculum was prepared by trans- 
ferring the culture from stock agar to AC broth (1 per cent tryptone, 1 per 
cent yeast extract, 0.5 per cent K,HPO,, and 0.1 per cent glucose) once 
a week, and an active culture was maintained by transferring 2 drops of 
the AC broth culture to « fresh tube at 24 hour intervals. To obtain cells 
for manometric experiments, 3 drops of an 8 to 15 hour AC broth culture 
were transferred to 100 ml. of an AC medium containing 0.3 per cent glu- 
cose (AC.3) or to the synthetic medium indicated in Table I. Cells har- 
vested from the AC medium were saturated with POF, whereas those 
harvested from the synthetic medium were deficient in this substance. 
The carbohydrate and buffer content of these media was adjusted to give 
a final pH of about 5.8. The cultures were incubated at 37° for 12 hours, 
and the cells harvested by centrifugation and suspended in m/30 phos 
phate buffer, pH 6.5, to a cell concentration of 20 to 25 mg. of dry weight 
per ml. In our experiments, 100 ml. of the synthetic medium, Table ], 
yielded about 80 mg. of cells. 

Manometric Techniques—The rate of pyruvate oxidation by cell suspen- 
sions was measured manometrically at pH 6.5 in 0.05 m phosphate buffer 


L-Cysti 
Adenin 
Nieotin 
Ribofla 
Pyridoy 
Thiami: 
Ca pan 
Folie ac 
Biotin 


The cells, buffer, and other additions (see Figs. | and 2 for protocols 
were added to the main compartment of the Warburg cup and 25 to @ 
ym of potassium pyruvate tipped from the side arm. 

To assay for pyruvate oxidation factor, cells harvested from the syt- 
thetic medium (free of POF). were used as indicated in the following? 
in the Warburg cup, 0.5 ml. of 0.2 m phosphate buffer, pH 6.5; 0.2 ml. d 
cells (20 mg. of dry weight per ml.); 0.6 ml. of supplements containing 
2.5 mg. of magnesium sulfate (anhydrous), 20 y of thiamine hydrochloride. 
40 y of riboflavin, 400 7 of adenosine, 10 mg. of glutamic acid; sample 
water to 2.7 ml.; in the side arm, 0.3 ml. of 0.2 M potassium pyruvate 
in the center well, 0.15 ml. of 20 per cent KOH; gas phase, air; 37°. 

? In more recent assays, a 2 ml. reaction volume was used in 12 ml. Warburg cups 
In this case the supplements were cut to 0.4 ml. and the cup contents diluted to 1’ 
mil. 
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After thermoequilibration at 37°, the pyruvate was tipped in from the 
side arm and the rate of oygen uptake measured over a 40 to 60 minute 
period, the rate being calculated from the linear portion of the curve. 
The rates usually became linear 5 to 10 minutes after tipping. By this 
method, 0.5 to 10 units of POF can be measured; for greatest accuracy, 
a range of 0.5 to about 6 units is preferable. In this test system, 1 unit 
of POF, as represented by | mg. of a sample of Fleischmann’s type 3 yeast 

Tasie [ 
Synthetic Medium for Apopyruvate Dehydrogenase Formation in S. faecalis 

Synthetic medium Per liter 
Acid-hydrolyzed casein 10 gm. 
Enzymatic casein (Roberts and Snell .| * 
Na thioglyecolate deal 100 mg. 
Adenine, guanine, ‘uracil, each. * 
Folie acid. 10 
Biotin. 


Final pH 7 0-7.3; autoclave 15 min. at 15 Ibs. 


* Salts B per 250 ml. contain 10 am. of MgSO,- .7H.O, 0.5 gm. of NaCl, 0.5 gm. a 


| FeSO,-7H.O, 0.5 gm. of MnSO,-4H.0, 0.5 gm. of ascorbic acid. 


extract, gave an oxygen uptake of approximately 80 ul. per hour and 10 
units (10 mg.) about 370 ul. per hour (Fig. 2). 
Different batches of synthetic media yielded cells which took up 15 to 


| 30 ul. of oxygen per hour on pyruvate without added POF, the rate de- 


pending on the completeness of removal of the POF from the enzymatic 


In} and acid-hydrolyzed caseins used in the medium. 


There was also slight variation in the response of cells from different 
batches of media to yeast extract. Therefore, a standard curve was pre- 


} pared for each batch of medium. Unfractionated samples of yeast extract 


and crude liver contain oxidizable substrates. To correct for this respira- 
tion in the assay for POF, one of two procedures was used: (1) The respira- 
tion was measured without added pyruvate until the rate assumed a con- 
stant low figure approximating that of the cell suspension, after which the 
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PYRUVATE OXIDASE | T 
S. FAECALIS | 
3000 | | 
es 
P= 250 | 
MG YEAST EXT. 5 10 18 
YP= 25 200 400 600 
YP=2 250 40 60 
vYP= 3000 2 4 6 


Fic. 1. Activation of apopyruvate dehydrogenase by crude and purified pyruvate 


oxidase factor. Each Warburg cup contained in 3 ml. of total volume 0.05 m phos. 
phate buffer, pH 6.5, and 5 mg. of apopyruvate dehydrogenase cells. Pyruvate 
oxidase factor added to main compartment of vessel ; 25 um of pyruvate tipped from 
side arm. 


ACTIVATION OF PYRUVATE 
OXIDASE APOENZYME 
S. FAECALIS 10 Ci 


TYPE 3 YEAST EXTRACT 
P=! 


POF 


+SUPPLEMENTS (TEXT) 


“Spor, P=160 
MG YEAST EXTRACT 5 10 T-} 
Y FACTOR P=160 25 50 75 


LL 0, UPTAKE PER HOUR 


Fic. 2. Manometric assay curve for pyruvate oxidase factor in presence of sup 
plements. The supplements added per Warburg cup are 2.5 mg. of magnesium 
sulfate (anhydrous), 20 7 of thiamine hydrochloride, 40 y of riboflavin, 200 7 of ade- 
nosine, 10 mg. of glutamic acid. 


pyruvate was tipped and the rate of respiration measured. (2) The oxida- 
tion rate of the cells with the crude POF sample was subtracted from the 
rate with pyruvate and the POF sample. 
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EXPERIMENTAL 


As shown in Fig. 1, the maximum rate of pyruvate oxidation, with an 
excess of purified POF (potency, 25 to 3000), is about half the rate with 
an excess of yeast extract (see also (2) Table II, p. 502). The response 
curve for POF (potency 25) can be used as an assay curve, but this restricts 
the range of the assay (Fig. 1). The drop in maximum response to one- 
half with POF (potency = 25), as obtained in the first fractionation step, 
suggested that some additional substance (or substances) is required for 
maximum respiration. As shown in Fig. 2, the addition of five substances 
(magnesium, thiamine, riboflavin, adenosine, and glutamic acid, referred 
to collectively as supplements) to a sample of POF (potency = 160) 
restored the pyruvate oxidation to approximately that given by an excess 
of yeast extract. These supplements alone do not stimulate pyruvate 
oxidation; t.e., they do not replace POF, but are required in addition to 
it for the maximum respiration. 

Further purification of POF has continued to yield material which, 
with added supplements, reproduces the assay curve shown in Fig. 2. 
All of the soluble forms of POF so far tested (12, 13) will, in suitable con- 
centration, activate the apopyruvate dehydrogenases maximally and may 
thus be assayed by this procedure. 


Specificity of Pyruvate Oxidation Factor Requirements and Mode of Action 
of Supplements 


The relative influence on pyruvate oxidation of various components of 
the supplement, alone and in combination, is shown in Table II. The 
oxidation rate in the presence of excess POF, shown in Table II as Qo, = 35, 
varies slightly from one batch of cells to another, depending on the level 
of the other substances present in the cells. Magnesium ions and adeno- 
sine have the greatest influence on respiration rate. 

Cells harvested from a yeast extract-tryptone medium are saturated 
with POF but show the same supplement requirements as do apopyruvate 
dehydrogenase cells, Table II. In a further attempt to obtain cells with 
4 maximum oxidation rate, the growth medium was enriched (1) by dou- 
bling the yeast extract content, and (2) by adding the supplements at the 
same level per 10 ml. of growth medium as in the manometric experiments. 
In each case, the respiration rate of the cells approximated that of cells 
from AC.3 medium, and the cell suspensions showed the same stimulation 
by added supplements. These experiments serve further to indicate that 
cells of S. faecalis do not store a sufficient level of these substances to 
saturate their oxidative enzymes. 

Washing the cells with distilled water decreased the respiration about 
25 per cent; washing twice more produced no further effect. The maxi- 


ur 
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mum rate of oxidation in the presence of supplements was not decreased 
by the three washings. 


To determine whether the supplements affect pyruvate dehydrogenation 


Taste II 

Factors Which Increase Rate of Pyruvate Oxidation 
Each Warburg cup contained 1 mg. of dry weight cells from AC.3 broth* (holo. 
pyruvate dehydrogenase) or 2 mg. of dry weight cells from synthetic medium (apo. 
pyruvate dehydrogenase). 0.5 ml. of 0.2 m phosphate buffer, pH 6.5; 25 ua of po. 
tassium pyruvate, pH 6.5. Final volume 3.0 ml.; 37°. 


Additions per cup —- 
Apo ceils Holo cells 
3. POF, 18 units (10 y, potency 1800)... 35 | 38 
4. “ 18 “ + supplements...... 142 160 
5. “ 18 MgSO,, 10 um... 65 66 
6. (5) + thiamine-HCl, 10 7.... 70 
7. (5) + riboflavin, y...... 77 76 
8. (5) + glutamate, 5 mg... 80 M 
9. (5) + adenosine, WOy..._................... 7 SS 
10. (5) + sy 125 120 


200 + riboflavin, 


| 


* AC broth containing 0.3 per cent cerelose. 
Tasie III 
Rate of Glucose Oxidation by S. faecalis 
Conditions and concentrations as in Table II + 10 um of MgSQ,. 


Type of cells 
Contain POF* Glucose, 20 um 104 
6s + adenosine + riboflavin 190 
| + glutamate 260 
Deficient in POFt Glucose, 20 um g2 
adenosine + riboflavin 123 
+ ae 


+ From AC.3 medium. 
t Apopyruvate dehydrogenase from synthetic medium. 


specifically or hydrogen transport in general, their influence on the rate 
of glucose oxidation was measured. The data in Table II] show that the 
supplements stimulate glucose oxidation by cells from both synthetic ané 
yeast extract-tryptone medium. ©’Kane and Gunsalus (2) had shows 
that POF-deficient cells oxidize glucose as rapidly as do POF-sufficien! 
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vells. These data demonstrate that the adenosine, riboflavin, and gluta- 
mate do not affect the pyruvate dehydrogenase directly but are required 
or cell respiration in general. 
Tasie IV 
Specificity of Supplementary Factors in Stimulation of Pyruvate Oxidation Rate 


_ Conditions as in Table II, cells from AC.3 broth. 

Additions Qos 
3. (2) + riboflavin, 10 y.. a 88 
4. (3) + adenosine, 1 ym. 132 
118 
6. (3) + u-xylose,1 “...... 92 
7. (3) + t-arabinose, 1 wm..... 
9. (3) + 112 
0. (3) + adenosine-5-phosphate, lym... .............. 106 
ll. (3) + adenosine-3-phosphate,1 116 
12. (3) + adenosinetriphosphate,1 | 06 
13. (3) + guanine, 
No py ruvate + 10 y, p-ribose, 1 wm. ...... | 10 


TaABLe V 
Pyruvate Oxidation by Vacuum-Dried Preparations of S. faecalis 10C1 
In each Warburg cup conditions and concentrations as in Table III. Cells from 
AC3 broth. 


Additions per cup 


l. Dried cell preparation 1 (4 
: (1) + adenosine, riboflavin, glutamate. ............... 
3. (1) + ATP (2000 y).. 
Dried cell preparation 2 (10 
6. (5) + adenosine, riboflavin, glutamate. .............. 
7. (6) + FAD, 10 y..... 
6)+ 10 adenosine, glutamate................ 


| SY 


The of the and requirements was exam- 
ined. Initially, acid- or enzyme-hydrolyzed casein had been shown to 
stimulate the respiration. Glutamate, but no other amino acid, substan- 
tially duplicated the action of the hydrolyzed casein. For the adenosine 
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requirement (Table IV) ribose, but not adenine, was partially active 
Both adenosine-3- and adenosine-5-phosphates were active, but adenosine 
triphosphate was inactive. Guanosine effectively replaced adenosine; gus. 
nylic acid resembled the adenylic acids in activity. The adenine and 
guanine nucleosides and nucleotides may be active merely as sources ¢ 
ribose. 

The mechanism of action of both POF and the supplements was ap 
proached by preparing dried cells from the yeast extract-tryptone medium 
(AC.3). These cells, which contained an active pyruvate oxidase system, 
were stimulated approximately 2-fold by added supplements, especially by 
adenosine and riboflavin (Table V). Flavin-adenine dinucleotide (FAD 
will also increase the respiration of the dried cells (Table V), as demon. 
strated by Lipmann (14) for the pyruvic acid dehydrogenase of Lact 
bacillus delbrueckii. Other studies of the pyruvic acid dehydrogenase with 
cell-free extracts have shown that the hydrogen released by these enzyme 
can be coupled with DPN and lactic dehydrogenase to reduce pyruvate 
to lactate (15). This observation suggests that the FAD either links di- 
rectly with the hydrogen carrier responsible for pyruvic acid dehydrogena- 
tion or functions in the reoxidation of reduced DPN (16). 


SUMMARY 


1. A manometric determination of pyruvic acid oxidation factor, in crude 
and in purified form, has been devised. 

2. For the maximum rate of pyruvate or glucose oxidation, riboflavin, 
adenosine, glutamate, magnesium, and occasionally thiamine must be added 
to the cell suspensions. Cells harvested from media containing an exces 
of these compounds also show stimulation. 

3. The pyruvic acid oxidation factor functions specifically in one of the 
steps of the pyruvic acid dehydrogenase system, whereas adenosine, ribe 
flavin, and glutamate appear to function by activating the hydroge: 
transport system of Streptococcus faecalis. 
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PYRUVIC ACID METABOLISM 


IV. OCCURRENCE, PROPERTIES, AND PARTIAL PURIFICATION OF 
PYRUVATE OXIDATION FACTOR* 


By I. C. GUNSALUS,t LENA STRUGLIA,{ ann D. J. O’KANE$§ 


‘From the Laboratories of Bacteriology, Cornell University, Ithaca, New York, Indiana 
University, Bloomington, Indiana, and University of Illinois, Urbana, Illinois) 


(Received for publication, June 19, 1951) 


O’Kane and Gunsalus (1, 2) reported the occurrence of an accessory 
factor essential for the oxidative decarboxylation of pyruvic acid. The 
active principle was described as extremely stable to acid and alkaline 
hydrolysis and the hydrolytic products as soluble in a variety of organic 
solvents. This active principle was not synonymous with any of the vita- 
mins or coenzymes as yet identified. Therefore the term pyruvate oxida- 
tion factor (POF) was employed to denote a substance (or substances) 
which possesses activity in the oxidative decarboxylation of pyruvate by 
Streptococcus faecalis (3). Subsequent studies of the crude and partially 
purified materials from yeast extract have shown that this material stimu- 
lates the growth of lactic acid bacteria in the absence of acetate (4) and 
the growth of Butyribacterium rettgeri.1 The observations of Snell and 
Broquist (4) also indicate that “protogen,”’ a growth factor of Tetrahymena 
geleii, is a similar substance. 

During activation of the pyruvate oxidation system in cells of S. faecalis 
harvested from a synthetic medium (2), POF was found to disappear from 
the medium and to be incorporated into the cells in a form not readily 
dissociable (2). The quantitative response of cell suspensions to graded 
levels of POF was subsequently adapted to its assay (3) and used as a 
means of following the concentration during purification. 

In the present study, POF has been shown to exist in at least five forms: 
(1) a bound form, (2) a water-soluble, solvent-insoluble form, referred to 
here as “water-soluble complex,” and three solvent-soluble forms referred 
to as (3) a “‘weak” acid, (4) a “strong” acid, and (5) a “neutral” form. 


*This work was supported in part by the Office of Naval Research. 

We wish to thank Eli Lilly and Company for preparing concentrates of pyruvate 
oxidation factor. 

t Present address, Department of Bacteriology, University of Illinois, Urbana. 

$ Present address, United States Department of Agriculture, Bureau of Animal 
Industry, Beltsville, Maryland. 

§ Present address, Laboratory of Microbiology, University of Pennsylvania, 
Philadelphia. 
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The first form is widely distributed in natural material; the second is 
found in tissue and cell extracts, especially after enzyme action. The 
three organic solvent-soluble forms are liberated from natural material by 
acid or alkaline hydrolysis and can be distinguished by distribution between 
buffers and organic solvents. A procedure for concentrating the “weak” 
acid more than 10,000-fold over yeast extract is described. 


Methods 
S. faecalis, strain 10C1, used throughout these studies, was maintained 
as described by O’Kane and Gunsalus (2). The quantitative determina. 
tion of pyruvate oxidation factor was performed according to Gunsalus, 
Dolin, and Struglia (3). This assay responds to the water-soluble com- 


plex, the weak acid, strong acid, and neutral forms of POF. 1 unitd| 


pyruvate oxidation factor is defined as the activity of 1 mg. of a standard 
yeast extract (Fleischmann’s type 3) in the oxidation of pyruvic acid by 
S. faecalis, strain 10C1, in the protocol of Gunsalus, Dolin, and Struglia 
(3). The purity of the pyruvate oxidation factor is expressed as potency, 
i.e. units per mg. of solids. 


EXPERIMENTAL 


The activity of pyruvate oxidation factor can be obtained from a wide 
variety of cell extracts of which yeast and liver offer the most active 
sources (Table I). Hydrolysis of dried yeast or liver fractions increase 
the POF activity as much as 2- to 6-fold, an observation taken as evidence 
for the occurrence of a bound substance from which POF activity is liber 
ated by hydrolysis. The increased activity after 4 N sulfuric acid, or 15 
sodium hydroxide, hydrolysis at 120° for 30 to 60 minutes indicates th 
extreme stability of POF. The use of 0.5 to 8 ~ acid for periods of ® 
minutes to 4 hours produced only slight loss in activity at the highest acid 
concentrations. The active principle is equally stable to hydrolysis i 
the crude form or in material purified 25-fold with respect to the starting 
material (Table 1). Hydrolysis for 60 minutes with 0.5 to 1 N sulfune 
acid liberates the POF activity but does not render it completely soluble i 
organic solvents. Unless specifically stated otherwise, the samples de 
scribed in this paper were liberated by hydrolysis with 4 N sulfuric acid 
for 60 minutes at 15 pounds pressure in the autoclave. 

Antipernicious anemia liver preparations contain POF activity but ne 
in proportion to antipernicious anemia activity (Table I). Other sources 
including extracts of plant tissue, contain POF, though at a lower potenc 
than yeast extract or dried liver fractions. 

Solubility—Difco or Fleischmann’s type 3 yeast extract is almost com 


pletely soluble in water and in 95 per cent ethanol, but only approximately 
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10 per cent of the solids are soluble in dry butanol. A butanol extract, 
however, contains approximately 50 per cent of the POF activity with a 
potency of 5. Treatment of acid or neutral solutions of yeast extract 
with various organic solvents, including butyl and amy! alcohols, ethyl 
acetate, and chloroform, extracts approximately half the POF activity 
with a limited amount of solids and a consequent increase in potency. 


Taste I 
Distribution of Pyruvate Oxidation Factor 


Potency given in units per mg. 
ne | deve | dave 
tbr. | 30 min. 
tomals per wmils per 
mg. 
Yeast extract 
Fleischmann, type 3 1.1 | 0.95 
Charcoal eluate... .. 27.0 | 39.7 | 31.9 
Yeast, dry, Fleischmann 20-40 | 1.2 2.2); 2 
0.4 0.7 
0.2 1.2 
“Lilly, 2 unite....... 180 | 90 
‘ | 1200 60 
“ Sharpe and Dohme, 2 units | 120 6 
eh 0.3 | 0.3 | 
0.1 
*APA = antipernicious anemia unit. } 


The retention of about half of the POF activity in the water phase after 
exhaustive extraction with organic solvents suggested that the active prin- 
tiple is present in more than one form. After acid hydrolysis (2 to 4 N 
sulfuric at 120° for 60 minutes) virtually all of the POF was extractable 
from the acid solution with organic solvents. 

Treatment of neutral aqueous solutions of yeast extract with charcoal 
either before or after acid hydrolysis results in adsorption of the POF. 
The active material can be recovered at a potency of 20 to 40 by alkaline 
elution. Details of these steps are given below with the data on adsorp- 
tion. About one-half of the POF activity in the charcoal eluate of unhy- 
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drolyzed yeast extract is also found to be soluble in organic solvent 
whereas adsorption and elution of hydrolyzed yeast extract yield PO} 
which is almost completely solvent-soluble. A greater proportion of POF 
was soluble in solvents at pH 2 and 6 than at pH 10, thus suggesting; 
weakly acidic nature. 

With amyl alcohol or chloroform, 70 to 90 per cent of the POF presen 
in the hydrolyzed charcoal eluate is extractable from water at pH 2 toé 
with a potency of 100 to 250. The active material is also soluble in les 
polar solvents such as benzene, cyclohexane, and diethyl ether. 

From these experiments it was concluded that the POF activity presen 


COUNTERCURRENT 

Hi ETHER VS. M/S PHOSPHATE 
BUFFER, PH 6.5 


Fic. 1. Counter-current distribution for the separation of solvent-soluble form 
of pyruvate oxidation factor. 


in yeast extract can be converted by hydrolysis to a form soluble in organi 


solvents and that this material is a relatively weak organic acid which caf . 
be partially purified by partition between an aqueous phase and organi] ,. 


solvents. The acidic nature of the active principle suggested that pum 
fication by counter-current distribution between a buffered aqueous solv- 


tion and organic solvents should be helpful in purification. Therefore s] - 


sample of POF, potency = 2600, which had been prepared by hydrolysis 
charcoal adsorption, and solvent extraction, was dissolved in 0.2 m phos 
phate buffer, pH 6.5, and subjected to a counter-current distribution be 
tween the buffer and diethyl ether as mobile phase. As shown in Fig. | 
such a distribution revealed three forms of the active principle. The com 


ponent which remained in Tube | has been referred to as the “strong | 


acid. The second component, which moved with a partition coefficient 
slightly in favor of the ether phase and was concentrated with a peak ® 
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ents | Tube 7, was termed the “weak” acid form. A third component which 
POF | oncentrated in Tubes 9 and 10 has been called the “neutral” form. Frae- 
POF f tionation of a number of samples of partially purified POF by counter- 
ing if surrent distribution indicated a variation in the proportion of these three 
rms. ‘The distribution of a sample, potency = 6000, free of the neutral 
psent I form, and consisting of approximately equal quantities of the weak and 
to§} trong acids, is also shown in Fig. 1. 

les} A second counter-current distribution of the strong acid obtained from 
Tube 1 of Fig. 1, between ether as mobile phase and a water phase acidified 
sett | to pH 2, showed that the strong acid component migrates with a distribu- 


COUNTERCURRENT 
EMER VE NOI, 
= 
24 


2 4 6 8 10 
TUBE NUMBER 
Fic. 2. Counter-current distribution of “‘strong acid’ and ‘‘water-soluble com- 
plex” forms of pyruvate oxidation factor. 


tion coefficient slightly less than 1 and, in a ten tube system, accumulates 
in Tubes 4 and 5 (Fig. 2). A similar extraction of unhydrolyzed yeast or 
liver extract, at pH 2, shows the presence of a component which remains 
almost entirely in Tube 1, corresponding to the water-soluble complex. 
Such a distribution on reticulogen is shown in Fig. 2. Thus by two counter- 
current distributions, now used routinely for assay purposes, four forms of 
POF can be distinguished, namely, a neutral form, a weak acid, a strong 
acid, and a water-soluble complex. Stokstad et al. (5) have presented 
chromatographic evidence for two forms of protogen and Kline and Barker 
(6) reported evidence for at least three forms of BR factor for B. rettgeri. 
Although these would appear to correspond to the several forms of POF, 
the cross-comparisons have so far not been made. 

The differences in the solvent solubility of the three forms of POF, as 
shown by the counter-current data in Figs. 1 and 2, suggest that variations 


B. 


864 PYRUVIC ACID METABOLISM. IV 


Tasie II 
Adsorption and Elution Properties of Several Forms of Pyruvate Oxidation F acter 
- 
ent Solvent Eluting solvent 


Yeast extract (po- 


tency 1) | | | 
Fullers’ earth Water, pH 7.0 1 H,O, pyridine, al- 80 2f 
| cohol (1:1:2)* | | 
“ 3.0 H,O, pyridine, al- | 50 | 30) 
: | cohol (1:1:2) | 
Norit A | HO, NHOH, aleo- | 203 | 25 
| | hol (2:3:5) | 
Darco G-60 “ 7.0 0.2 | H,O, NH,OH, aleo- | 60 


hol (2:3:5) | | 
Amy! alcohol ex- 
tract of hydro- 
lyzed norit elu- 
ate (potency 


100) | | 
Alumina (Brock- Amyl alcohol 0.05 70% alcohol 
mann) | | | | 
Alumina (Merck, BBWI§ 0.07 | BBWI 3000 
acid-washed | | 
| Benzene + 10% 850 
| | cohol | 
CHCI, 0.05 CHCl, (1300 
+ alco 75 | 900 
hol — 
“ 0.06 CHCI, i 8 
| “ 5% alco- 75 
hol | 
CHCl, + W%aleo- 
hol 
Silica gel (G. F. CBWI® 0.025 CBWI 85 
Smith) + phos- | | | | 
phate, pH 7.4] | | 


* 1 part water, 1 part pyridine, 2 parts ethyl alcohol. 

¢t Based on activity in initial sample. 

t Contains oxidizable substrates; assay inaccurate. 

§ BBWI = benzene + 1 per cent butanol; the mixture saturated with water. 

! CBWI = chloroform + 1 per cent butanol; the mixture saturated with water 
© 0.6 ml. of 0.1 w« phosphate buffer, pH 7.4, per gm. of silica gel. 
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in the proportions of these three forms may have influenced the amount 
of POF extractable by various solvents in earlier experiments. The acid 
hydrolysates of most samples of yeast extract contain the weak acid with 
smaller amounts of the strong acid component. The weak acid would 
have been soluble at pH 2 to 6 but not at pH 10. 

Adsorption—The POF is adsorbed by a number of reagents, including 
fullers’ earth and more particularly charcoal. The POF was adsorbed as 
readily from acid-hydrolyzed as from unhydrolyzed yeast extract. A sum- 
mary of the adsorption and elution properties of POF from water at 
potency = 1 and from organic solvents at potency = 100 is given in 
Table II. Charcoal adsorption, followed by ammoniacal alcohol elution, 
gave the best recoveries and potencies on crude POF (50 per cent recovery 
at a potency of 25), whereas, for more potent POF, adsorption on alumina 
from organic solvents and fractional elution with more polar solvents gave 
yields up to 75 per cent with a 30- to 60-fold increase in potency. Silica 
gel also was partially effective as a means of purification. 

Precipitants—Initial experiments with yeast extract, with or without 
acid hydrolysis, indicated that POF could be precipitated with mercuric, 
and under proper conditions, silver ions. In these experiments, however, 
the recovery of POF was erratic, in some cases amounting to complete 
loss of the factor. For this reason metal precipitation was not pursued 
in greater detail. 

Properties of Pyruvate Oxidation Factor 

A few preliminary tests on the nature and stability of POF were under- 
taken to determine the conditions most suitable for its handling and con- 
centration. POF at a potency of 20 and 2000 was subjected to oxidation, 
reduction, and tests for functional groups. The sample of potency 2000 
was Virtually all in the form of the weak acid; the sample of potency 20 was 
a mixture of weak acid and water-soluble complex. The stability data 
are presented in Table III. These experiments show that POF (both 
crude and partially purified) is destroyed by mild oxidation, 1.e. labile to 
an excess of hydrogen peroxide or alkaline permanganate. Strong reduc- 
ing agents and dinitrophenylhydrazine also destroy activity. Mild reduc- 
ing agents and attempts at esterification did not destroy activity. The 
action of the dinitrophenylhydrazine is unclear, since treatment with other 
carbonyl reagents, under conditions suggested by Shriner and Fuson (7), 
did not indicate the presence of a carbonyl group. The attempts at 
benzoylation and esterification with HCI plus ethanol do not destroy the 
POF activity. These experiments were not considered to indicate the 
absence of alcoholic or acidie groups, since the biological systems used for 
assay might very well respond to the esters. The occurrence of a neutral 
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form in some fractions of the POF (Fig. 1) may indicate esterification 
during purification, since ethyl alcohol was used in the charcoal elution 
step and amy] alcohol in the distribution studies with acid and alkaline 
aqueous phases. The neutral component which appeared in the counter. 
current distributions (Fig. 1) could be removed by an additional hydrolysis 
step with 4 n sulfuric acid as was used in the preparation of the active 
material from yeast extract. 


Taste III 
Properties of Pyruvate Oxidation Factor 
Activity retained after treatment 
Treatment 
per cont per cent 
2. at 25° for 60 80 90 
3. 3% HzO: at 25° for 60 min., followed by (2)... 10 70 
6. KMnQ,, acid at 25°, followed by (5)..... 20 20 
7. a alkaline at 25°, followed by (5) 5O 25 
9. Hs + Pt catalyst............... ‘ 0 
10. Aerate for 60 min. at pH 3.... ; 105 
13. HS for 60 min., followed by (11).. 130 
14. HONO for 30 min. at 25°... .. 50 80 
15. Dinitrophenylhydrazine. . . 10 30 
16. Semicarbazide........... | 100 60 
17. Benzoyl chloride......... | 75 90 
18. Absolute ethanol + HCl. | | 100 


Partial Purification of Pyruvate Oxidation Factor 

The adsorption and solubility characteristics of the POF, as indicated 
by the foregoing data, were used to devise a purification procedure for the 
active principle. The steps as combined involve (1) acid hydrolysis with 
4 n sulfuric acid for 60 minutes at 120°, which converts the activity to the 
solvent-soluble forms; (2) adsorption of the active material by norit, fol- 
lowed by elution with alcoholic ammonia; (3) extraction of the active 
material from acid solution with amy] alcohol, then from the amy] alcohol 
with alkali, and reextraction with amyl alcohol after neutralizing the aque- 
ous phase to pH 6; (4) chromatography on alumina and elution with 
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solvents of increasing polarity. The first three steps are shown in Table 


IV and the fourth in Table V. 


This procedure involves hydrolysis, neutralization, and adsorption of the 
active material on charcoal from neutral pH in a batch process. The 
TaBie IV 


Charcoal Adsorption and Amyl Alcohol Distribution Step for Purification of Pyruvate 
Oxidation Factor (Free Acids) 


Treatment of 2 Ibs. yeast extract, type 3 Fraction Solids Activity | Potency 
per cent per cent units per mg. 

Autoclave 1 hr. at 15 Ibs. in 8 liters 4 x F, 100 100 
H,SO,, cool, neutralize to pH 7, filter 

Stir F, 30 min. with 200 gm. norit (acid- F; 80 Ca. 5 Ca. 0.04 
washed, Pfanstichl) 

Suspend charcoal in 2 liters water, stir Ww, 8.8 0.6 0.1 
30 min., filter 

Suspend charcoal in 1 liter water, stir 30 W: 1.2 0.13 0.1 
min., filter 

Suspend in 0.5 liter water, stir 30 min., W, 0.3 0.03 0.1 
filter 

Suspend charcoal in 2 liters 50% ethanol, Ai 1.9 4.2 2.2 
stir 30 min., filter 

Suspend charcoal in 1 liter 50% ethanol, A: 0.43 1.9 4.4 
stir 30 min., filter 

Suspend charcoal in 0.5 liter 50% ethanol, As 0.35 1.3 3.7 
stir 30 min., filter 

Suspend charcoal in 2 liters water, ammo- Ey 2.0 47 24 
nium hydroxide, alcohol (2:3:5), stir 30 
min., filter 

Suspend charcoal in 1 liter alcohol, am- FE, 0.44 11.7 26 
monia, water (5:3:2) 

Suspend charcoal in 0.5 liter alcohol, am- E; 0.31 7.8 25 
monia, water (5:3:2) 

Combine eluates F,, E:, Es, concentrate EC 2 39 20 
in vacuo to 500 ml., adjust to pH 3.5 
with H,SO,, filter 

Extract filtrate EC 3 times with 0.1 vol- | AX 0.16 36 225 
ume n-amyl alcohol, combine extracts 

Residue, aqueous layer at pH 3.5 R 1.9 8.9 5 

Extract amyl concentrate AX 3 times B 16.0 
with 0.1 volume 0.1 s NaOH, combine 
extracts 

Amyl alcohol residue BR 3.8 

Neutralize alkaline extract to pH 6, ex- C 0.02 10.0 500 
tract 3 times with 0.1 volume n-amy! al- 
cohol, combine extracts 

0.11 8.6 80 


Aqueous residue, pH 6 
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charcoal containing the adsorbed factor was washed with water and then 
with 50 per cent ethanol to remove solids with very little activity. The 
washes were followed by three elutions with decreasing quantities of aleo- 
holic ammonia. When combined, the three eluates contained 60 to 75 
per cent POF activity present in the yeast extract ranging in potency 
from 25 to 40. The charcoal eluate was concentrated in vacuo at 50° and 
a white precipitate which formed was removed by filtration. Activity 
was always lost during the concentration of the eluates, at times amounting 
to nearly half of the activity of the combined eluates. Attempts to de. 
crease the loss at this stage have so far been unsuccessful. The concen- 


TasBie V 
Alumina Column Step in Purification of Weak Acid Form of Pyruvate Oxidation 
Factor 
200 mg. of POF (100,000 units, potency = 500) added to 5 gm. (2 X 10 em.) eal- 
umn of acid-washed alumina (Merck) in 10 ml. of n-amy! alcohol. 


Fraction No. Solvent | Volume | Solids Units Potency 
ome perme 
1 Amy] alcohol 
2 te 10 | 140 1,500 
3 10 1,200 
4 Ethanol, 95% 10 | 146 #&| 8,000 500 
| 10 1 3,000 | 3000 
7 5 2.5 17,200 | 6900 
8 10 | 4.0 35,000 S800 
9 “ 70% 10 3.8 | 20,000 5200 
10 wer 21 2,500 1180 


| 
| 
| 
| 


trated eluates were acidified to pH 3.5 and extracted three times with 0.1 
volume of amyl alcohol (Table IV) to yield almost quantitative recovery 
of the activity with a 10-fold increase in potency. The small amount of 
activity which remained in the aqueous residue was not recovered by 
further extraction. At this purity, POF could be chromatographed satis 
factorily on alumina. Extraction of the amyl alcohol with 0.1 N sodium 
hydroxide and reextraction with amyl alcohol after neutralization to pH 6 
increased the potency to 500 or better. 

Either the first or second amyl alcohol extract can be chromatographed 
on Merck’s acid-washed alumina to achieve a further 10- to 30-fold pur- 
fication. By this procedure POF in the form of the weak acid has been 
obtained at a potency in excess of 10,000 units per mg. The data for 
single alumina chromatogram are shown in Table V. In this experiment 
better than 80 per cent of the POF appeared in the high activity cuts, 
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ranging from 5000 to 9000 units per mg. At this stage of purification 
there is an actual increase in the total number of units recovered from the 
chromatogram, presumably resulting from the removal of inhibitory sub- 
stances. 

From the available data it appears that, by further exploiting the acidic 
nature of the active principle and employing a counter-current distribution 
instead of a single solvent partition, further purification can be achieved. 


SUMMARY 


1. The pyruvate oxidation factor, found by O’Kane and Gunsalus to be 
an essential metabolite for pyruvic acid oxidation by Streptococcus faecalis, 
has been shown to exist in at least four soluble forms. Three of these are 
soluble in organic solvents and have the characteristics of a neutral com- 
pound, a weak or slightly polar acid, and a strong or more highly polar 
acid. A fourth form, which occurs in cell autolysates or extracts, is water- 
soluble but insoluble in organic solvents. 

2. The pyruvate oxidation factor can be liberated from natural materials 
by acid hydrolysis. The manometric assay for pyruvate oxidation factor 
does not respond appreciably to unhydrolyzed yeast or liver, probably 
because the POF is bound to the protein or other cellular constituents. 

3. The properties of the POF active substances have been determined 
and a means for partial purification of the solvent-soluble forms devised. 

4. The weak acid form has been purified more than 10,000-fold by acid 
hydrolysis, chromatographic adsorption on charcoal and alumina, followed 
by suitable elution procedures, and by partition between aqueous and 
organic solvents at various pH values. 

Further experiments to isolate the active principles are in progress. 
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THE HETEROLACTIC FERMENTATION 


II. POSITION OF C* IN THE PRODUCTS OF GLUCOSE DISSIMILATION 
BY LEUCONOSTOC MESENTEROIDES 


By I. C. GUNSALUS* ann MARTIN GIBBS 
(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 
(Received for publication, September 17, 1951) 


A new route of ethanol formation has recently been shown to exist in 
Leuconostoc mesenteroides (1). The evidence thus far available indicates 
that (a) glucose fermentation always yields | mole each of lactate, ethanol, 
and CO, (6) aldolase and isomerase do not function in glucose fermentation 
by this organism, (c) the enzymes for the formation of p(—)-lactic acid 
from p-glyceraldehyde phosphate via DPN-linked dehydrogenases and in- 
tervening enzymes are present, (d) acetate stimulates the rate of CO, 
evolution during glucose fermentation by cell suspensions. Acetaldehyde 
and acetoin, for which DPN-linked dehydrogenases are present in cell 
extracts of the organism, also stimulate the fermentation rate. A brief 
review of the fermentation characteristics of the heterofermentative lactic 
cocci is given by DeMoss et al. (1); for more detailed data and biological 
characteristics see Hucker and Pederson (2). 

A preliminary report of the labeling of the products from the fermentation 
of C-labeled glucose (3), in addition to the fermentation balances and 
enzyme experiments (1), indicates that lactate and ethanol plus CO, may 
arise from different ends of the glucose molecule. The occurrence of a 
glucose-6-phosphate dehydrogenase in L. mesenteroides and its possible réle 
in the anaerobic dissimilation of glucose to the products of the heterolactic 
fermentation have been reported (4). The present experiments were de- 
signed to test the possibility of a lack of mixing of the two halves of glucose 
in the heterolactic fermentation and to find whether acetate can serve as a 
precursor of ethanol. In fermentations by cell suspensions of L. mesen- 
leroides, glucose-1-C™ yielded C“O, at approximately 6 times the specific 
activity of the glucose fermented. Glucose-3,4-C™ yielded carbinol- 
labeled ethanol and carboxyl-labeled lactate. Fermentation of unlabeled 
glucose, with acetate-2-C“ added, yielded methyl-labeled ethanol. The 
implications of these data are discussed. 


Methods 
Bacteriological—L. mesenteroides, strain 39, was employed throughout 
these experiments. The growth medium and fermentation conditions em- 
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ployed previously for the fermentation balances and enzyme experiments 
by DeMoss, Bard, and Gunsalus (1) were used, with the exception that Fe 
neopeptone was substituted for tryptone. Cells were harvested from 12 " 


hour cultures grown at 30°, suspended in 0.05 m phosphate buffer at pH 6, | = 
and used immediately at a level of 5 mg. of dry weight per Warburg cup. a 
The fermentations were carried out at 25° in Warburg cups in a total | 
volume of 3 ml., with nitrogen as the gas phase. The substrates were | van 


added from one side arm, and, after the fermentation was complete, 03 
ml. of 3 N H:SO, was added from the second side arm. Glucose was used 
at a level of 10 um and acetate at either 2.44 or 24.4 um. In all experiments 
approximately | um of CO, was evolved per micromole of glucose fermented, 
from which it was assumed that the fermentation occurring in these cell 
suspensions was identical with that shown to occur with resting cell sus =" 
pensions of the organism in the previous experiments of DeMoss, Bard, 
and Gunsalus (1). 

Chemical—The CO, released during fermentation was collected by add- 
ing 0.2 ml. of 2 n CO,-free KOH through the venting plug and shaking the 1 
flask until the CO, was absorbed. In Tables I and II the CO, evolved, 2 
as well as the CO, absorbed by the KOH, is recorded. To collect the 
K.C"O; a 1 ml. pipette bent slightly at the tip was used. To insure com- 
plete collection, two 0.5 ml. washings with CO,-free water were needed. 
The K,C"O; and the washings were transferred to a 50 ml. glass-stoppered 
Erlenmeyer flask containing approximately 100 um of sodium carbonate Et 
as diluent and converted to barium carbonate according to the methodsof = 
Steele and Sfortunato (5). Carbon was counted as solid barium carbonate. Experi 


After the removal of CO., carrier ethanol and lactate were added to the 
Warburg cup to give a sufficient quantity for oxidation or degradation. 
The cup contents were transferred quantitatively to a conical centrifuge 
tube, the cup was washed once with CO--free distilled water, and the cells 
were removed by centrifugation. 

The ethanol was collected by steam distillation and either converted to ~~ 
CO, by persulfate oxidation (6) or cleaved to formate and iodoform with — that 
alkaline iodine. The formate was oxidized to CO, with mercuric oxide and Mey 
the iodoform oxidized to CO, by the method of Van Slyke and Folch (7). tion 

To collect lactic acid, the acidified steam-distilled residue was subjected _ lacta 
to a 24 hour continuous ether extraction. The lactate was either oxidized Th 
completely by the persulfate combustion method (6) or degraded by the in th 
procedure of Wood, Lifson, and Lorber (8). All degradation procedures — of th 
were checked with compounds of known isotopic label. as sh 

The glucose-1-C™ was kindly furnished by Dr. J. Sowden. The glucose-  3,4-( 
3,4-C™ was prepared from rat liver glycogen. The acetate-2-C" was Th 
plied by Dr. B. M. Tolbert. 4, 5, 
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EXPERIMENTAL 


Fermentation of glucose-1-C™ by a resting cell suspension of L. mesen- 
teroides liberated 1 mole of CO, per mole of glucose and gave an almost 
quantitative conversion of the C“ to C“O,. Ethanol and lactate showed 
only traces of the isotope (Table I). The CO, was increased 6-fold in 
specific activity over the glucose, as would be expected if all the activity 
were converted to CO, without dilution. The data of Table I indicate 


Taste I 
Glucose-1-C™ Fermentation by L. mesenteroides, Strain 39 


Glucose added Products formed 
Experiment | Carbon dioxide Ethanol Lactate 
cu 
[Evolved cu cu 
| | 
pM sa.* | uw sa.° mye. s4.° mpc. s.a.* 
1.7) 8.1) 9.6 | 1.3 1.2) 7.7 | 0.03 | 0.01 | O 0 
2 11.7 | 9.6 | 13.6 | 12.3 8.2 | 56 0 0.06 | 0.02 
©. a. = specific activity, millimicrocuries of C™ per mg. of carbon. 
Taste Il 
Glucose-3,4-C* Fermentation by L. mesenteroides, Strain 39 
Ethanol and lactate were degraded in Experiments 3, 4, and 5. 
| Carben dicaide 
Experiment No. Glucose added 
| Evolved | Absorbed cu 
3 12.7 114 125 10 9.7 1.2 12 
4 12.8 115 125 11.5 10.6 3.6 27 
5 20.3 182 125 13.1 13.2 1.0 S 


that the Leuconostoc fermentation departs from the classical Embden- 
Meyerhof glycolytic pathway. If CO, arose by this scheme, C“ from posi- 
tion 1 of glucose would be found in the methyl carbons of ethanol and 
lactate. 

The fermentation of glucose-3 ,4-C™ (Table II) gave only traces of C“ 
in the CO,, whereas ethanol and lactate each contained approximately half 
of the label added in the substrate. Degradation of ethanol and lactate, 


as shown in Table III, demonstrates that the fermentation of glucose- 
3,4-C™ yields carbinol-labeled ethanol and carboxyl-labeled lactate. 

These data are taken to indicate that the lactate arises from positions 
4, 5, and 6 of the glucose molecule. The ethanol labeled in the carbinol 


| 

| 
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group arises from positions 2 and 3 of the glucose molecule, the methyl 
group representing carbon 2 and the carbinol group position 3. 

The experiments of DeMoss, Bard, and Gunsalus (1) have indicated that 
the rate of fermentation of glucose by resting cell suspensions of L. mesen- 
teroides can be increased by the addition of acetate, acetaldehyde, acetoin, 
or dihydroxyacetone. These compounds were interpreted to be hydrogen 
acceptors and the suggestion was made that the slowest step in the hetero- 


Tas.e III 
Degradation of Ethanol and Lactate from Glucose-3,4-C'* Fermentation 
Ethanol | Lactate 
ment 
CHs COOH CHOH CH, 
myc. 34. mye. 54. Myc. mM 34. 
3 0.03 0.6 50 104 0.2 0.6 0.05 | 0.2 
4 0.5 5.5 66 260 54 395 1.0 7.5 0.0 0.0 
5 2.6 8.7 82 275 
TaBie IV 


Reduction of Acetate to Ethanol by L. mesenteroides, Strain 39 
Unlabeled glucose plus acetate-2-C™ as indicated. 


Acetate added Ethanol formed 
Experiment No. Glucose used| CO: evolved 
cu cu 
uM uM Myc. sa Myc. 54. 
6 0* 24.4 107 175 0.12 0.1 
7 0 24.4 107 175 0.12 0.1 
8 10 10.5 2.44 10.7 175 1.8 7.35 
i] 10 10.6 2.44 10.7 175 3.8 15.9 
10 10 11.0 24.4 107 175 12.3 45.4 
11 20 21.7 24.4 107 175 27 50.7 
* Tip at end of incubation. 


lactic fermentation is that involved in the production of a hydrogen 
acceptor somewhere along the pathway. If acetate serves as a hydrogen 
acceptor, it should be reduced to ethanol. When acetate-2-C™ was added 
during the fermentation of unlabeled glucose, the label was incorporated 
into ethanol, the label being exclusively in the methyl position. In Experi- 
ment 6, Table IV, acetate-2-C™ was added at the end of the incubation in 
order to check the separation of acetate from ethanol. The data indicate 
that the separation was quantitative: less than 0.1 per cent of the labeled 
acetate was recovered with the ethanol. Experiment 7, Table IV, indi- 
cates that acetate is not reduced in the absence of glucose as a source of 
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As shown in the other experiments of Table IV, fermentation of 10 um 
of glucose with either 2.44 or 24.4 um of acetate-2-C" led to the incorpora- 
tion of the label into ethanol, with increasing yields in the presence of the 
higher quantity of acetate. Compared to 10 um of glucose, 20 um yielded 
twice the amount of label in the ethanol. Thus, it is concluded that acetate 
is converted to ethanol during the fermentation by this organism. From 
the specific activities and the quantity of isotope found in the ethanol, it is 
concluded that the added acetate is not in equilibrium with the acetate 
formed by the cells or acetate is not an obligatory intermediate in ethanol 
formation. 


The authors wish to thank Dr. C. E. Foust and Miss Louise Mehmel for 
their able assistance. 
SUMMARY 


From experiments on the fermentation of glucose-1-C™ and glucose- 
3,4-C" by the heterofermentative lactic acid coccus, Leuconostoc mesen- 
teroides, which produces equimolar amounts of lactate, ethanol, and CO, 
from hexose, the following has been shown: 

1. Carbon atom 1 (aldehyde carbon) of glucose gives rise to CO;. 

2. The fermentation of glucose-3,4-C™ gives rise to carbinol-labeled 
ethanol and carboxyl-labeled lactate, presumably corresponding to carbons 
3 and 4, respectively. The methyl carbon of ethanol and the a- and 
8-carbons of lactate, which are unlabeled, are presumed to arise from 
glucose carbons 2, 5, and 6, respectively. 

3. Acetate is reduced to ethanol during glucose fermentation. 

These experiments indicate that the mechanism whereby glucose is con- 
verted to lactate, ethanol, and CO, by this heterolactic organism involves 
a new pathway and that, although the Embden-Meyerhof scheme may 
function in part, a considerable digression from this scheme occurs. 
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URIDINE-5’-PYROPHOSPHATE DERIVATIVES 
I. ISOLATION FROM STAPHYLOCOCCUS AUREUS 


By JAMES T. PARK 


(From the Chemical Corps Biological Laboratories, Camp Detrick, Frederick, 
Maryland) 


(Received for publication, September 4, 1951) 


The first evidence for the existence of uridine diphosphate compounds 
was limited to the observation that Staphylococcus aureus cells, when grown 
in the presence of penicillin, accumulated a new form of acid-labile phos- 
phate in their internal environment (1). The labile phosphate appeared 
to be part of a complex compound which also contained uracil. In a brief 
note (2), it has since been reported that this material contains at least 
three compounds, all of which contain uracil, two phosphate groups, pen- 
tose, and an unknown sugar. Two of these compounds were shown to 
contain amino acids. The purpose of this paper is to describe the methods 
used for the production and purification of these compounds, with par- 
ticular attention to the use of phenol in partition chromatography. Papers 
II and III deal with chemical characterization of the compounds (3). 


EXPERIMENTAL 


Production of Compounds—The labile phosphate compounds accumulate 
rapidly in S. aureus after the addition of penicillin (1). Apparently the 
growing cells are able to synthesize the compounds only for the short 
period they remain viable after the addition of penicillin (4). This period 
is 30 to 45 minutes in length. Glucose must be used in order to obtain 
rapid synthesis. 

In order to obtain maximum yield per liter of culture, growth was al- 
lowed to proceed until about one-half the maximum population was reached 
before addition of penicillin. The amount of penicillin required to demon- 
strate labile phosphate accumulation is approximately that concentration 
needed to prevent multiplication of this organism; that is, about 0.1 unit 
of penicillin G per ml. However, 0.5 unit or more of penicillin per ml. 
was used routinely because a larger accumulation of labile phosphates re- 
sults. Thus, quantities of S. aureus were produced and treated with peni- 
cillin in the following manner, which is based on a consideration of the 
above factors. A medium composed of | per cent Basamin-Busch yeast 
preparation (Anheuser-Busch) and 0.1 per cent K,HPO, was adjusted to 
pH 7.1 to 7.2 and sterilized. After the medium had cooled to the incuba- 
tion temperature of 37°, sterile glucose solution was added to make the 
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final concentration of glucose 0.2 per cent, and an inoculum of 1 per cent 
by volume of a 10 to 12 hour culture of S. aureus H was introduced. The 
inoculated culture was aerated to obtain rapid growth, but the rate of 
aeration was not critical. Lard oil was used as an antifoam agent when 
required. 

Growth was observed indirectly by measurement of pH. When the pH 
dropped to 6.1 or 6.2, the population was approximately half maximum. 
The time required to reach this point was usually between 2.5 and 3.5 
hours. When the point of half maximum growth was reached, 0.5 unit 
of penicillin was added per ml. of culture. 30 minutes after the addition 
of penicillin, harvesting of the cells with a Sharples centrifuge was begun. 

The yield was about 2 gm. of packed cells, roughly 30 per cent dry 
matter, per liter of culture. Approximately 8 to 9 um of labile phosphate 
were present per gm. of packed cells. Of this, about 60 per cent was 
represented by the uridine-5’-pyrophosphate compounds which had ac- 
cumulated after the addition of penicillin. Thus, about 10 um of uridine- 
5’-pyrophosphate compounds were present in the penicillin-treated cells 
from 1 liter of culture. 

Five criteria were used in the following purification. 

1. Micromoles of Labile Phosphate Per Mg. of Dry Weight—Labile phos- 
phate was the principal basis for comparison, since for some time this was 
the only known characteristic of the compounds which accumulated in 
penicillin-treated S. aureus. In crude preparations, the labile phosphate 
content was measured by determination of the amount of orthophosphate 
released when the sample, contained in 1 ml. of 1 nN HCl, was heated in a 
boiling water bath for 10 minutes. The short hydrolysis period roughly 
compensated for the phosphate split from the more stable forms of organic 
phosphate present in crude preparations. With purified preparations, in 
which less allowance was necessary to correct for liberation of orthophos- 
phate from the “stable” forms of phosphate present, hydrolysis for 12 to 
14 minutes was used in the estimation of labile phosphate. In this time, 
98 to 99 per cent of the labile phosphate is split and about 1 per cent of 
the stable phosphate is hydrolyzed. The inorganic phosphate was deter- 
mined colorimetrically with the Fiske and Subbarow reagents (5). 

2. Stable Phosphate Per Labile Phosphate—Stable phosphate is defined 
as total phosphate less inorganic phosphate and labile phosphate. Sam- 
ples for total phosphate were digested by the method of Johnson (6), 
cooled, mixed with 1 ml. of water, and then heated in a boiling water bath 
for 15 minutes to hydrolyze the inorganic pyrophosphate before analysis. 
The compounds of interest contain one stable phosphate per mole. 

3. Nitrogen Per Labile Phosphate—Total nitrogen was determined by 
nesslerization according to the method of Johnson (6). 
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4. Uridine Per Labile Phosphate—Uridine derivatives were determined 
with the model DU Beckman spectrophotometer by measuring the optical 
density at 262 my. The amount of compound was calculated from the 
molecular absorption coefficient for uridine of 9900 (7). In purified prep- 
arations, uridine derivatives were the only ultraviolet-absorbing materials 
detectable (3). 

§. Potential Reducing Power Per Labile Phosphate—Though the intact 
molecules are non-reducing, a reducing substance is liberated by 0.1 N 
HCl in 3 minutes at 100°. The reducing power is measured by the re- 
duction of ferricyanide ions (8), and the results are expressed as glucose 
equivalents. ‘The unknown reducing substance has only about 0.8 of the 
reducing power of glucose. 

Purification of Compounds—The purification procedure used consisted 
of four steps: (1) extraction with trichloroacetic acid (TCA), (2) fractiona- 
tion of the barium salts with ethanol, (3) removal of basic impurities with 
cation exchange resin, and (4) separation of the three components by 
partition chromatography. 

Extraction—The packed cells were suspended in 1 volume of ice-cold 
water, and then 1 volume of ice-cold 10 per cent TCA was added. The 
cell suspension was centrifuged and the residue washed with 5 per cent 
TCA. The combined supernatant solutions were extracted twice with 
ether to remove TCA. 

To the extract from 100 gm. of packed cells, 2.5 gm. of barium hydrox- 
ide and sufficient NaOH were added to adjust the pH to 9. The precipi- 
tate was removed by centrifugation and washed. This precipitate was 
discarded. The supernatant and wash solutions, which contain the 
uridine-5’-pyrophosphate derivatives, were pooled and concentrated to a 
small volume under reduced pressure. 

The uridine-5’-pyrophosphates were then precipitated from the con- 
centrated solution, which contained 25 to 30 um per ml., by the addition 
of 4 volumes of absolute ethanol. This precipitate, when washed with 
ethanol and ether and dried in vacuo at room temperature, usually con- 
tained from 0.25 to 0.4 um of mixed uridine-5’-pyrophosphate derivatives 
per mg. 

Ethanol Fractionation—At this stage the material contains about 18 
atoms of nitrogen and 3 to 4 moles of stable phosphate per mole of labile 
phosphate present. The material can be purified considerably by frac- 
tional precipitation with ethanol. From a solution containing about 8 
um of labile phosphate per ml., roughly 80 per cent of the labile phosphate 
is precipitated as the ethanol concentration is raised from 50 to 80 per 
cent by volume. Table I lists data on several preparations at this stage 
of purification, illustrating the reproducibility of the yield and purity of 
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the preparations. It is seen that the preparations still contain consider. 
ably more than one stable phosphate per mole of labile phosphate and 
that the potential reducing power per labile phosphate is high compared 
with the 0.8 found in the purest preparations. 


Use of Cation Exchange Resin—By passage of a solution of the material 
through cation exchange resin, some impurities were removed. The 
I 
Yield and Analysis of Crude Labile Phosphate Preparations 
Culture volume* | Weight of wet Dry weight of p «Stabile P Potential 
eure cells | preparation per 
Miers om. | sm. | per me | 
30 55 | 1.01 | 0.29 2.3 | 1.07 
30 5D | 0.92 0.38 1.9 0.98 
30 0% 18 0.91 
60 100 1.50 0.41 1.6 0.91 
60 87 1.58 042 | 17 0.95 
90 125 1.68 042 | 1.8 0.97 
* The medium contained 0.5 per cent peptone, 0.5 per cont yeast extract 0. 1 per 
cent glucose, and 0.03 per cent K,HPO,. 
Taste Il 
Use of Cation Exchange Resin for Purification of Labile Phosphate Preparations 
Sample P | per pe labile 
per per 
Treated | 4.13 6.35 1.09 91 


a. to 13 mg. of the sample i in 1 ml. of water were washed through a 50 mm. X 5 
mm. column of cation exchange resin, IR-100, with 2 ml. of water. 

* The preparation used in this experiment had been fractionally precipitated 
twice with ethyl alcohol. 


resins used were Amberlite IR-100 or IR-105 (Rohm and Haas). As 
shown in Table II, over 60 per cent of the stable phosphate and ultra- 
violet-absorbing substances, and much of the nitrogenous materials which 
were present as contaminants, were removed. 

Our experience during the preparation of a quantity of the material 
will illustrate the results obtained from these procedures. The combined 
extracts from about 5 kilos of wet packed cells contained 45 mm of labile 
phosphate. After removal of compounds whose barium salts were it- 
soluble at pH 8.2, 31 mm of labile phosphate remained in solution. This 
solution was concentrated under reduced pressure to | liter, and then 4 
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liters of cold ethanol were added to precipitate the material. The ma- 
terial was dissolved in 500 ml. of water, from which it was subsequently 
reprecipitated. Since the precipitate was very gummy, it was dissolved in 
300 ml. of water and dried by lyophilization. The dry material contained 
29mm of labile phosphate, 0.25 um of labile phosphate per mg., and 3.5 
moles of stable phosphate and 18.3 atoms of nitrogen per mole of labile 
phosphate. 28 mm of the preparation were treated with sulfuric acid to 
remove barium. The liter of solution was then passed through a 14 cm. 
bed of cation exchange resin (500 gm. of acid-washed IR-105) at the rate 
of 40 ml. per minute. The sample was washed through with 2 liters of 
water. The effluent was adjusted to pH 7.8 by the addition of 100 mm of 
barium hydroxide. 1 volume of alcohol was added; the precipitate which 
formed was dissolved in 1100 ml. of water and reprecipitated with 1100 
ml. of ethanol. This precipitate, which contained 3.4 mm of labile phos- 
phate, was discarded. The supernatant solutions from the two precipita- 
tions were combined and concentrated under reduced pressure to 300 ml., 
and the alcohol-insoluble barium salts were recovered by the addition of 
1200 ml. of ethanol. The precipitate contained 22.5 mm of labile phos- 
phate. The dry material contained 0.56 um of labile phosphate per mg. 
and assayed 1.45 moles of stable phosphate, 1.15 moles of uridine, and 
78 atoms of nitrogen per mole of labile phosphate. 

Separation of Components by Partition Chromatography—The results of 
a Craig distribution experiment, in which a sample of purified material 
was partitioned between aqueous phenol and sulfate buffer, are shown in 
Fig. 1. The distribution curves clearly demonstrate that at least two 
different labile phosphate compounds are present in the purified prepara- 
tions and that the stable phosphate, uridine, and much nitrogen are closely 
associated with the labile phosphate compounds. The components are 
seen to differ markedly in nitrogen content only. 

In order to obtain more effective separation and on a larger scale, par- 
tition chromatography with aqueous phenol as the mobile solvent was 
used. The system adopted was prepared as described below. 0.1 M 
sulfuric acid, adjusted to pH 2 with NaOH, was shaken with 5 volumes 
of 75 per cent phenol. Since the system was quite sensitive to tempera- 
ture changes, final equilibration usually was carried out after the phases 
had reached the desired temperature and the chromatogram was then 
run in a constant temperature room. For the column pack, Celite 545 
(Johns-Manville) was used as the inert support. The Celite was washed 
several times with normal sulfuric acid and then with water and dried 
before use. The pack was prepared by mixing phenol-saturated sulfate 
buffer with Celite in the proportion 0.7 ml. per gm. A slurry of this mix- 
ture in phenol saturated with sulfate buffer was poured into a chromato- 
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graphic tube and packed under about 30 cm. (Hg) of pressure (with proper 
precautions). The pack was tamped firmly. 

The sample was dissolved in water, adjusted to pH 2 with sulfuric acid, 
and centrifuged. The residue (barium sulfate) was washed, the wash 


Fic. 1. Craig distribution pattern of a crude preparation (phenol-0.1 sulfate 
buffer system, pH 1.5). 


° 2 3 
HOLOBACK VOLUMES 

Fic. 2. Separation of the components by partition chromatography (phenol! 
m sulfate buffer system, pH 1.5 to 2.0). 


water was added to the solution of sample, and the whole was saturated 
with phenol by the addition of phenol crystals. The sample was then 
placed on the column pack and eluted with sulfate buffer-saturated phenol 
A flow rate of approximately 0.2 ml. per sq. em. cross-section »was used. 
Aliquots of effluent were collected, extracted with ether, and analyzed for 
labile phosphate in order to locate the position of compounds in the effluent. 
Fig. 2 illustrates the type of separation of labile phosphate compounds 
obtained. The position of the compounds is expressed in terms of hold- 
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hack volume, which is the volume of mobile phase present in the pack. 
In practice, the amount of mobile phase present in the pack was found to 
be approximately 3 times that of non-mobile phase used. 

About 95 per cent of the labile phosphate was ordinarily recovered from 
such chromatograms. However, the maximum solubility of the third 
component in the phenol phase is only about 1 um per ml. The size of the 
sample should be such that the third component can be recovered in less 
than 2 holdback volumes. With larger samples, the additional effluent 
required to recover the third component contains stable phosphate com- 
pounds. This occurred on some preparative runs in which 12 gm. samples 
were used (2000 um of Compound 1) and the holdback volume was about 
525 ml. Analyses of the dry barium salts of the pooled samples of the 
three compounds are given in Table III. 


Taste III 


Analytical Data on Labile Phosphate Compounds Separated by Partition 
Chromatography 


| Compound | Compound 2| Compennd 


Labile P, ua permg. | 0.56 = 1.00 0.78 0.68 
Stable “ per labile P 145 | 1.33 1.40 1.12 
Uridine “ “ * 1.15 | 1.05 1.15 1.02 
Potential reducing power per labile P..| 0.76 | 0.8 0.91 0.81 
Nitrogen per labile P. . oe | 3.1 4.9 9.9 


* Compound most soluble in phenol. 


It can be seen that the preparations of the separated components are 
considerably purer than the starting material. The preparations are 
similar in the molecular ratio of labile phosphate to stable phosphate to 
uridine to reducing power, although two of the preparations are still quite 
contaminated with stable phosphorus compounds. It should be further 
noted that the principal difference between the preparations lies in their 
nitrogen content, and, as has been indicated (2), this difference is ac- 
counted for by the presence of amino acids in Compounds 2 and 3. 

By repetition of some of the purification steps, preparations of each 
compound were obtained in which the molar ratio of labile phosphate to 
stable phosphate to uridine to potential reducing power was 1:1:1:0.8, 
and the nitrogen content of the preparations approached 3.0, 4.0, and 9.0 
atoms per mole for Compounds 1, 2, and 3, respectively. 


DISCUSSION 


On the basis of what is known of the compounds (3), the preparations 
of Compounds 1, 2, and 3 are about 75, 65, and 80 per cent pure, respec- 
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tively. In the best preparations obtained, all of the nitrogen, phosphorus, 
and ultraviolet absorption have been accounted for and found to be bound 
to the compounds; therefore, most of the impurities in the preparations 
may be inorganic. 

SUMMARY 


A procedure for the isolation of uridine-5’-pyrophosphate compounds 
from penicillin-treated Staphylococcus aureus is described. The use of 
aqueous phenol in partition chromatography for the separation of three 
uridine-5’-pyrophosphate derivatives is reported. 
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URIDINE-5’-PYROPHOSPHATE DERIVATIVES 
II. A STRUCTURE COMMON TO THREE DERIVATIVES 


By JAMES T. PARK 
(From the Chemical Corps Biological Laboratories, Camp Detrick, Frederick, 
Maryland) 


(Received for publication, September 4, 1951) 


Three compounds have been isolated from penicillin-treated Staphylococ- 
cus aureus. The compounds are similar in that all contain uridine, labile 
phosphate, stable phosphate, and a potential reducing substance. It is 
the purpose of this paper to present evidence for the structure of one of 
these compounds (Compound 1). The other compounds appear to differ 
by containing, in addition to this structure, certain amino acids (1). 


EXPERIMENTAL 


The methods of analysis were described in Paper I (2). The prepara- 
tions used in this study are believed to be about 75 per cent pure. How- 
ever, in the purest samples, over 95 per cent of the nitrogen and phos- 
phorus were components of the compound. 


Acid Hydrolysis 


The various linkages in the compounds differ markedly in their resist- 
ance to acid hydrolysis. For this reason it has been possible to degrade 
the molecules stepwise by acid hydrolysis. The three compounds are 
attacked similarly by acid, which indicates that the same linkages 
probably are present in all. 

Mild Acid Hydrolysis—The most labile linkage is that between the re- 
ducing substance and phosphate. The compounds do not have reducing 
properties, but mild acid hydrolysis releases a reducing substance. This 
bond is resistant to alkaline hydrolysis; hence a glycoside is indicated. 
Fig. | illustrates the rate of release of reducing substance from the com- 
pound in 0.1 ~ acid when heated in a boiling water bath. It is seen that 
the reducing substance is liberated in 3 minutes. After mild acid hy- 
drolysis, which releases less than 5 per cent of the “labile” phosphate, 
uridine-5’-diphosphate can be separated from the fragment that contains 
reducing substance. The barium salt of uridine-5’-diphosphate is quite 
insoluble in water, but 1 volume of ethanol is added to precipitate it com- 
pletely. The fragment with reducing properties and the small amount of 
uridine monophosphate formed remain in solution. 

Hydrolysis in 1 n Hydrochloric Acid—Hydrolysis in 1 x HCl in a boiling 
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water bath for 15 minutes releases 1 mole of inorganic phosphate from the 
molecule. This procedure, slightly modified, is used as a measure of 
“labile” phosphate (2). Uridine-5’-phosphate and the fragment with re. 
ducing properties are liberated also. Uridine-5’-phosphate is best ob- 
tained by hydrolyzing uridine-5’-diphosphate in 1 x HCl for 15 minute 
at 100°. After being taken to dryness, the hydrolyzed sample is dissolved 
and adjusted to pH 9 with barium hydroxide. The barium phosphate is 
removed by centrifugation, and the barium salt of uridine-5’-phosphate 
is precipitated from the supernatant solution by the addition of ethanol, 


Identification of Uridine-5'-phosphat 
Several types of evidence serve to identify the nucleotide. The com- 


pounds exhibit changes in their ultraviolet absorption spectra character. 
istic of uridine nucleotides; namely, an absorption maximum in acid 


04 


i 
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Fic. 1. Rate of release of reducing power from Compound 1 in 0.1 N sulfuric acid 
at 100°. 


medium at 262 my with an absorption minimum at 231 my; in alkaline 
medium, the wave-length of minimum absorption shifts to 242 my and the 
molecular extinction decreases about 25 per cent. After hydrolysis with 
90 per cent formic acid at 175° for 2 hours (3), uracil was detected. By 
paper chromatography, it was found that uracil and uridine were the only 
substances present that could be detected under ultraviolet light. For 
detection on the paper strips, a Mineralight lamp (Ultraviolet Products, 
Inc., Los Angeles) was used. The R,' values of the principal spot in 
water-saturated n-butanol (R» = 0.44) and in water-saturated isobutyne 
acid (Ry = 0.65) were identical with those for uracil. 

Acid Hydrolysis—The first evidence that the nucleotide was uridine 
5’-phosphate rather than uridine-3’-phosphate (uridylic acid) was obtained 
by acid hydrolysis. When heated in 0.1 Nn sulfuric acid at 100° for 4 
hours, 42 per cent of the phosphate was released from the nucleotide. 
Under the same conditions, 84 per cent of the phosphate was released 


' Rp = the ratio of the distance the substance moved to the distance the solves' 
front moved beyond the original position of the sample. 
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from a sample of yeast uridylic acid (Nutritional Biochemicals Corpora- 
tion). 

Complex Formation with Borate and Copper—Uridine-5’-phosphate will 
form complexes with borate and copper because the ribose moiety con- 
tains two free hydroxyl groups adjacent to each other in the cis position. 
Uridine-3’-phosphate does not have two free hydroxyl groups adjacent to 
each other and hence does not bind borate and copper. From the data 
in Table I, it can be seen that isolated uridine monophosphate binds as 
much as does an equivalent amount of adenosine-5’-phosphate. Similar 
results, as shown in Table II, were obtained in experiments with copper 
binding, which were done by a microtechnique (4). 


TaBie I 
Borate Binding by Nucleotides (Klimek and Parnas (8)) 
To 20 um of sample, in 1 ml., pH 7.75, was added 0.5 ml. of 0.1 M borate, pH 7.75. 
The mixture was titrated potentiometrically with 0.0004 ~ carbonate-free sodium 


hydroxide. 


| te comple tc 19 

moles 
Adenosine-5’-phosphate................... 7.40 0.21 
Uridine monophosphate*................. 7.45 0.21 

* Prepared from Compound 3. 


Action of 5'-Nucleotidases—Perhaps the most clear cut evidence that 
the nucleotide is uridine-5’-phosphate comes from studies with specific 
enzymes. Heppel and Hilmoe (5) have obtained a highly specifie 5-nu- 
cleotidase from bull semen. The results listed in Table III were obtained 
with a preparation of this enzyme, which was kindly furnished by Dr. 
L. A. Heppel. Heppel* also tested the activity of the enzyme preparation 
against uridine monophosphate and the other substrates and obtained 
results almost identical with those recorded in Table III]. It is seen that 
uridine monophosphate and synthetic uridine-5’-phosphate’® are split at 
the same rate and that uridine-3’-phosphate is split very slowly. Uri- 
dine monophosphate isolated from each of the three compounds is split 
at the rapid rate. 

The enzyme-substrate dissociation constant of Michaelis-Menten was 


* Heppel, L. A., personal communication. 
* Prepared by Dr. A. R. Todd and kindly furnished by Dr. L. A. Heppel. 
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Il 
! Copper Binding by Nucleotides 
2 um of sample, in 1.5 ml., were incubated with 3 mg. of copper phosphate and 
0.5 ml. of 20 per cent trisodium phosphate for 1.5 hours with occasional mixing and 
then centrifuged. To 1 ml. of supernatant solution was added 1 ml. of 0.5 per cent 
sodium diethyl dithiocarbamate. The copper complex, extracted with 7 ml. of 
amyl alcohol, was measured in a Klett-Summerson colorimeter through green filter 


No. 54. 

Copper 
27 
37 0.06 
| 188 1.0 


* Prepared from Compound 1. 


III 
Action of 5-Nucleotidases on Uridine Monophosphate and Other Nucleotides 


1 or 2 um of substrate were incubated at 37° with enzyme in 1 ml. of solution 
which contained 0.1 m glycine, pH 8.5, and 0.01 Mm magnesium chloride. Hydrolysis 
was stopped by addition of 0.1 ml. of 40 per cent trichloroacetic acid. The inor. 
ganic phosphate liberated was used to measure hydrolysis. 


Substrate Snake venom* 
umitst per mi. per mg. 
| 0.4 0.05 
| 1660 443 
Uridine-5’-phosphate (Todd)... 3340 214 


* Crotalus adamanteus venom, Ross Allen's Reptile Institute, Silver Springs 
Florida. 

t The enzyme unit is defined as the amount required to hydrolyze 1 us of sub- 
strate per hour under the conditions of the test. 

t Prepared from Compound 3. 


found to be approximately 5 X 10~* mole per liter for both isolated uridine 
monophosphate and uridine-5’-phosphate. 


It was shown that uridine was released when phosphate was split from 
the uridine monophosphate by 5-nucleotidase of bull semen. Thus # 
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per cent of the phosphate and 60 (+10) per cent of the uridine were re- 
leased by 0.01 ml. of 5-nucleotidase acting on 3.75 um of substrate in 4 
minutes. The uridine was identified by paper chromatography with 
water-saturated isobutyric acid (R»- = 0.44) and was estimated after 
extraction from the paper by comparison with standard samples of uri- 
dine which were run simultaneously in the paper chromatograms. 

Snake venom also contains a 5’-nucleotidase (6), and its activities on 
several substrates are listed in Table III. It is seen that the activities 
against the unknown and Todd’s synthetic uridine-5’-phosphate are simi- 
lar. Hence, with two different 5-nucleotidases, which have different rela- 
tive rates for splitting adenosine-5’-phosphate and uridine-5’-phosphate, 
the activity toward uridine monophosphate and uridine-5’-phosphate re- 
mained the same. It is concluded that the uridine monophosphate is 


uridine-5’-phosphate. 


Evidence for Pyrophosphate Bond 

The rate of release of phosphate from the compounds during acid hy- 
drolysis is similar to that of compounds containing the pyrophosphate 
bond and hence suggests that a pyrophosphate bond may exist in the 
compounds. 

As shown in Table I, isolated uridine diphosphate binds borate to the 
same extent that uridine monophosphate does. Thus the labile phosphate 
cannot be attached to either position 2’ or 3’ of uridine. The logical 
alternative is attachment to the stable phosphate. Caputto ef al. (4) 
used the electrometric titration technique to establish the presence of the 
pyrophosphate linkage in uridine diphosphate-glucose. If Compound 1 is 
uridine-5’-pyrophosphate having a reducing substance attached to the 
labile phosphate, it would have two primary phosphoric acid groups and 
no secondary acid groups. Liberation of the reducing substance would 
uncover one secondary phosphoric acid group. To split off the labile 
phosphate would release one additional secondary phosphoric acid hy- 
drogen and a tertiary phosphoric acid group of inorganic phosphate which 
would not be titratable. Thus, while the intact molecule would have no 
secondary phosphoric acid hydrogen available, one secondary phosphoric 
acid group should be formed when the reducing substance is released, and 
another secondary phosphoric acid group should appear for every in- 
organic phosphate split. This result was obtained with Compound | in 
the following experiment. A solution of Compound 1 was freed of cations 
with the aid of a cation exchange resin (Amberlite IR-105, Rohm and 
Haas) and then divided into three equal portions. One fraction was 
titrated immediately, the second after heating for 5 minutes at 100° to 
release the reducing substance, and the third after heating for 90 minutes 
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at 100° to release the labile phosphate. After titration, the solutions wer 
analyzed for inorganic phosphate and reducing substance. From Fig, ? 
it may be seen that very little secondary phosphoric acid, which usually 
acts as a buffer near pH 7, is present in the unhydrolyzed sample, but that 
after removal of the reducing substance an equivalent amount of see. 
ondary phosphoric acid hydrogen appears. Again the release of inorganic 
phosphate results in the appearance of an equivalent amount of titratable 
acid which acts as a buffer in the region characteristic for secondary phos. 
phoric acid groups. The data are summarized in Table IV. It is seen 


that the increase in acidity found is almost equivalent to the increase in 
160 7 T ¥ v T T 


MICRO EQUIVALENTS NeOH ADDED 


Fic. 2. Electrometric titration curves of Compound 1 at various stages of 
hydrolysis. 


acid expected on the basis of one titratable group released for each mole 
of reducing substance and inorganic phosphate formed. The data can 
be explained only by the presence of pyrophosphate to which the reducing 
substance is attached through the labile phosphate. 

Kornberg and Pricer (7) have obtained an enzyme from potatoes which 
is appropriately called nucleotide pyrophosphatase. Nucleotide pyro 
phosphatase rapidly splits the pyrophosphate bond in nucleotides such as 
diphosphopyridine nucleotide, triphosphopyridine nucleotide, flavin-ade- 
nine dinucleotide, adenosinediphosphate, adenosinetriphosphate, and thi- 
amine pyrophosphate. The purified enzyme has negligible activity 
against such representative compounds as adenosine-5’-phosphate and 
glucose-6-phosphate. If nucleotide pyrophosphatase splits the pyro 
phosphate bond in Compound 1, uridine-5’-phosphate and “reducing sub- 


stance”’-1-phosphate should be formed. Thus two secondary phosphoric 
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sid groups would appear per mole of substrate split. An experiment 


was performed to test this activity. A highly purified sample of nucleo- 
tide pyrophosphatase, generously supplied by Dr. A. Kornberg, was 
allowed to act on an unbuffered solution of Compound 1; when the re- 
TaBie IV 
Bridence for Pyrophosphate Linkage; Release of Acid Groups by Acid Hydrolysis 
pa 
Total phosphate... | 72.0 | 72.0 72.0 
Inorganic phosphate | : 0.0 2.7 26.0 
Reducing substance. . 0.9 31.3 31.2 
meq. 
Titratable acid expected . : al 72.9 106.0 129.2 
NaOH used to neutralize | 104.2 135.3 157.8 
Increased acid expected. 33.1 23.2 
TaBLe V 
Evidence for Pyrophosphate Linkage; Release of Acid Groups by Action of Nucleotide 
Pyrophosphatase on Compound 1! 


12.5 ua of Compound I-Na, pH 8.4, were incubated with 0.03 ml. of nucleotide 
pyrophosphatase (1 ml. of enzyme will split 2700 ua of DPN per hour) for 4.8 hours 
at 37°. Final pH = 5.93. 


Acid expected 
Uridine-5’-phosphate released. . 10.8 21.6 
Inorganic phosphate 1.6 0 
Reducing substance - 0.45 0 
Total. 21.6 
NaOH used to adjust pH to 8.4. 22.2 


action was near completion, the solution was titrated potentiometrically 
until the original pH was reached in order to determine the amount of 
acid formed during hydrolysis. Uridine-5’-phosphate was determined by 
measurement of the inorganic phosphate released when exposed to highly 
purified 5’-nucleotidase. The results are given in Table V. It can be 
seen that approximately two acid groups appeared for each uridine-5’- 
phosphate produced, which strongly indicates that a pyrophosphate bond 
between two organically-bound phosphates was split. 
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Reducing Substance 
As has been mentioned, the compounds are non-reducing, but mild aci 
hydrolysis (0.1 nN acid at 100° for 3 minutes) releases a reducing substance 
Because the intact compounds possess only primary phosphoric acij 
groups and splitting off the reducing substance results in the appearane 
of one secondary phosphoric acid group, the reducing substance is pr 
sumed to be attached to the secondary phosphoric acid group of uridine 

5’-pyrophosphate through a glycosidic bond. 
Although the reducing substance has not been identified, something o 
its nature is known. It forms a purple color in the Morgan and Elson (9 
test which usually indicates the presence of N-acetylhexosamine. Hov- 


Tasie VI 
Comparison of Reducing Substance with N-Acetylglucosamine by Paper 
Chromatography in Various Solvents | 


Reducing | N-Acety! | Amino sugar 
Solvent system | glucosantine | Of reducing | Glucosamise 
Rr Rr Rr | Rr 
50% n-butanol, 25% acetic acid, » 25% | | 

water. . 0.67 0.49 0.52 0.2% 

Water-saturated n-butanol. 0.04 0.14 0.06 0.08 
50:50 mixture of 

lidine with 2,4-lutidine.............. 0.50 0.61 0.38 0.45 
Upper phase from 300 ml. tert-amyl al. | 
cohol, 160 ml]. water, and 80 ml. for- 

0.77 | 0.30 O47 | 0.15 


ever, the test is probably less specific and, in general, N-acyl-2-amin 
sugars may be expected to react. By hydrolysis in 2 N HCl for 2 hour 
at 120°, the reducing substance is hydrolyzed to a free amino sugar whieh 
gives the Elson-Morgan (10) test for hexosamines. These reactions have 
been applied to the detection of the substances on paper chromatogram: 
by the adaptation suggested by Partridge (11). The reducing substance 
and the hydrolyzed reducing substance were compared with N-acetyl 
glucosamine and glucosamine (Nutritional Biochemicals Corporation) by 
paper chromatography. ‘The results are given in Table VI. The reducing 
substance and the amino sugar derived from it differ from N-acetylgle 
cosamine and glucosamine in mobility in most of the solvents tested. The 
reducing substance does not bind copper (see Table I1); hence it does net 
contain adjacent cis hydroxyl groups. However, it will react with peri 
date to form aldehyde; i.c., a positive test with Schiff’s reagent (12). 

It is believed that the reducing substance is acidic and is absorbed « 
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anion exchange resin (Dowex 1, chloride form, The Dow Chemical Com- 
pany) from which it is easily eluted with dilute HCl. By examination of 
Table IV, it is observed that considerably more NaOH was required to 
neutralize a sample of Compound | that was expected on the basis of the 
phosphoric acid present. The additional NaOH used was equal to 1 
equivalent per mole of the compound. Presumably this was required to 
neutralize a carboxyl group present in the reducing substance. 

Thus the reducing substance found in these compounds appears to be 
an N-acyl-2-amino sugar which possesses a carboxyl group. Since 2- 
aminouronic acids have not previously been studied, it may be neces- 
sary to synthesize representative compounds of this type before complete 
characterization is possible. 

The acyl group attached to the amino sugar appears to be acetic acid. 
A sample was obtained by distillation from sulfuric acid solution after 
acid hydrolysis of the reducing substance. This sample, tested by the 
method of Hiscox and Berridge (13), contained an acid which possessed 
the same FR, value as acetic acid in 60 per cent n-propanol, 30 per cent 
ammonium hydroxide, 10 per cent water mixture (R- = 0.76), and in 
water-saturated n-butanol which contained | or 2 per cent ethylamine 
(Ry = 0.22). The distillate also gave the lanthanum nitrate spot test 
(12) for acetic acid. 


DISCUSSION 


The accompanying formula is in accord with the results obtained. The 
molecule consists of an amino sugar attached to the nucleotide, uridine- 
5’-pyrophosphate. The two fragments must be joined by a bond between 
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carbon atom 1 of the sugar and the terminal phosphate of the nucleotide. 
since the intact molecule is non-reducing and possesses no secondary phos. 
phoric acid group. The sugar has not been identified, but it is believed 
that it is a 2-acetylamino sugar. Caputto, Leloir, Cardini, and Paladinj 
have reported the structure of the coenzyme for the reaction galactose. 
l-phosphate =— glucose-l-phosphate to be uridine diphosphate-glucose 
(4). Itis believed that the linkages in the coenzyme and in the compound 
reported here are identical. However, Caputto ef al. report that heating 
the coenzyme with 0.01 N alkali for a few minutes destroys the activity, 
At the same time, a secondary acid group appears and the rate of release 
of reducing power by acid is greatly decreased. Leloir (14) has recently 
reported that alkali treatment results in the formation of a cyclic glucose 
monophosphate in which the phosphate is attached to positions | and 2 
of the sugar. Acid hydrolysis converts this compound to glucose-2-phos- 
phate. The compound reported in this paper is resistant to the action of 
dilute alkali. Presumably the migration of phosphate is prevented be- 


cause of the presence of the amino group in position 2 of the sugar and | 


hence the molecule is stabilized. 

Thus the essential difference between these two compounds is in the 
kind of sugar attached to the nucleotide. The coenzyme contains glucose, 
whereas the compounds isolated from penicillin-treated S. aureus contain 
a 2-acetylamino sugar. This sugar probably contains a carboxyl group. 
It is further characterized by forming almost 3 times as much colored 
product as an equivalent amount of N-acetylglucosamine in the Morgan- 
Elson test (9). Meyer et al. (15) and Humphrey (16) have observed a 
similar phenomenon when measuring the N-acetylglucosamine content of 
enzymatically hydrolyzed samples of hyaluronic acid by the Morgan- 
Elson method. This would suggest that hyaluronic acid may contain a 
compound which differs from N-acetylglucosamine and may resemble the 
sugar described here. 


SUMMARY 


A formula is proposed for one of the three nucleotides which have been 
isolated from penicillin-treated Staphylococcus aureus H cells. Evidence 
is presented which indicates that the compound is uridine-5’-pyrophos- 
phate attached to an amino sugar by an acetal-like bond. The other two 
compounds contain this same basic unit. 
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URIDINE-5’-PYROPHOSPHATE DERIVATIVES 
III. AMINO ACID-CONTAINING DERIVATIVES 


By JAMES T. PARK 


(From the Chemical Corps Biological Laboratories, Camp Detrick, Frederick, 
Maryland) 


(Received for publication, September 4, 1951) 


As was reported in Papers I and II (1, 2), three related compounds have 
been isolated from penicillin-treated Staphylococcus aureus H cells. These 
compounds all contain uridine-5’-pyrophosphate (2). The compounds 
also contain an amino sugar which is linked to the secondary phosphoric 
acid group of uridime-5’-pyrophosphate by an acetal-like bond. The 
amino sugar is unusual in that it appears to be an N-acetyl-2-amino sugar 
which possesses a carboxyl group. 

Thus one of the compounds is uridine-5’-pyrophosphate attached to 
the amino sugar. The second compound is similar, but, in addition, con- 
tains L-alanine which probably is attached to the carboxyl group of the 
amino sugar. The third compound contains a peptide which is attached 
to the reducing substance. In this paper, some properties of these com- 
pounds and the identification of the amino acids are presented. 


EXPERIMENTAL 
Evidence That Compounds Are Chemical Entities 


Preparations of Compound 3 had been found to give a biuret test (3), 
which indicated that a peptide might be a constituent of the compound. 
By a modification of a quantitative method for protein based on the biuret 
test (4), the preparations were found to contain 33 per cent peptide. This 
proved to be a fairly accurate measure of peptide content of the prepara- 
tions. In order to determine whether peptide was a part of the molecule 
paper chromatography was used. It was possible to detect uracil, phos- 
phate, and peptide on the chromatograms. Thus if a single spot gave a 
reaction to these tests, it would be evidence that all the tests were given 
by a single compound. Uracil was detected by inspection of the chro- 
matogram under ultraviolet light (5), as uracil had been shown to be the 
only substance present in the preparations which absorbed ultraviolet 
light. Labile phosphate was located on the chromatograms by hydroly- 
sis with the perchloric-hydrochloric acid mixture recommended by Hanes 
and Isherwood (6), followed by detection of the inorganic phosphate re- 
leased. Peptide was located by reaction with ninhydrin (7). In Table 
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I, the Rr' values of the compounds and their principal hydrolytic degra- 
dation products in six solvent systems are listed. The tests given by each 
fragment are shown also. Whenever more than one test was used, 4 
single component was present which gave all the tests applied. For ex- 
ample, the first fragment listed, Compound 3, moved as a single spot in 
all the systems used, and this spot contained an ultraviolet-absorbing 
component, material which reacted with ninhydrin, and labile phosphate. 
Thus, it was concluded that the peptide was a constituent part of Com- 
pound 3. It can be seen that the other two compounds have very similar 
solubilities in the solvents used, and that phenol is the best solvent for 
separation of the three compounds. 

By mild acid hydrolysis (0.1 N acid for 3 minutes at 100°), uridine- 
5’-pyrophosphate is split off from the compounds. The uridine-5’-pyro- 
phosphate has a low mobility in the various solvent systems. The other 
fragment, which remains after mild acid hydrolysis, has a considerably 
higher mobility in the solvents than the intact compounds. This frag- 
ment, which contains the amino sugar, is located on the paper chromato- 
grams by the technique described by Partridge (8) for the detection of 
hexosamines. It is to be noted that the N-acetylamino sugar fragments 
from the various compounds differ in mobility. This is so because amino 
acids still are attached to the amino sugar from Compounds 2 and 3. 
After sufficient acid hydrolysis to release the free amino sugar, it was 
found that the amino sugars from the three compounds behaved alike. 

Identification of Amino Acids in Peptide 

The Rr values of the amino acid components are also listed in Table L 
The same R, values were obtained with reference amino acids tested in 
the same experiments. Configuration of the amino acids was proved by 
microbiological or enzymatic methods. 

The first paper chromatographic tests were performed on a fairly crude 
preparation of the material. The material was hydrolyzed in 6 ~ hydro- 
chlorie acid at 120° for 16 to 20 hours, after which the solution was taken 
to dryness under reduced pressure in order to remove most of the hydro- 
chloric acid. The hydrolyzed sample was then dissolved in water, ad- 
justed to pH 7 to 8, diluted to the desired volume, and centrifuged to 
remove the undissolved residue. By paper chromatography in phenol, 
followed by detection of the amino acids on the paper with ninhydrin, it 
was found that only alanine and glutamic acid were present in consider- 
able quantity. The crude preparations contained some aspartic acid and 
a faint streak in the region Ry = 0.35 to 0.50. More highly purified 
preparations were free of aspartic acid, but the other amino acid, which 


' Ry = the ratio of the distance the substance moved to the distance the solvent 
front moved beyond the original position of the sample. 
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Taste 


Behavior of Compounds and Degradation Products of Compounds on Paper 


Chromatograms 


| 
Tests | 


Fragment 
| | 


| 


Compound 3 (uridine- Ultraviolet, nin- | 

P-P-N-acetyl-sugar-  _—hydrin, labile 
Compound 2 (uridine- Ultraviolet, la-— 

P-P-N -acet yl -sugar- bile P 

alanine) 
Compound 1 (uridine- Ultraviolet, la- 

P-P-N-acetyl-sugar) bile P 
Uridine-P-P (from | Ultraviolet, la- 

Compound 1, 2, or bile P 

3) 
N-Acetyl-sugar-pep- Hexosamine, nin- 

tide (from Com- hydrin 

pound 3) | 
N-Acetyl-sugar-ala- Hexosamine 

nine (from Com-— 


Rr X 100 in solvent system® indicated 


pound 2) | 

N-Acetyl-sugar (from 
Compound 1) 

N-Acetylglucosamine 

Amino-sugar (from - nin- 
Compound 1, 2, or hydrin 
3) | 

Glucosamine-HCl | Hexosamine, nin- 

hydrin 

Alanine (from Com- Ninhydrin 
pound 2 or 3) 

Glutamie acid (from 7 
Compound 3) 

Lysine (from Com- = 
pound 3) 


Butanol- | 


Iso 2.4- 
Phenol Ethanol acetic butyric Luti- 
acid = -formic dine 
3 8 6 
19 8 22 11, 21 
| 13 | 1624) 9 | 22 | 
3 | 8 6 | 2 
| |42 | 12 | 20 
| | 
61 | 73 | 73 2 | 60 
| a 
50 | 73 | 73 | 61 
74 | | 4 | 7 
57 
24 | 70 28-55 17 | 58 | 62 
| | | 
| | 
so | | 48 | 
70 | | 33 | 73 | @ 


* Solvent systems used were 75 per cent phenol, 25 per cent water; 8O per cent 
ethanol, 20 per cent water; 50 per cent n-butanol, 25 per cent acetic acid, 25 per cent 
water; upper phase from 300 ml. of tert-amyl! aleohol, 160 ml. of water, and 80 ml. 
of formic acid; 300 ml. of isobutyrie acid mixed with 180 ml. of 0.5 \ ammonium 


hydroxide; 60 per cent 2,4-lutidine, 40 per cent water. 
appeared to be present in trace amounts, remained. 


It was found, how- 


ever, that if the hydrolyzed samples were made quite alkaline, 7.e. pH 
11 to 11.5, the faint streak at Ry = 0.35 to 0.5 would not be present and 
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an intense, crescent-shaped spot would appear at Ry = 0.67. This amino T 
acid was found to be lysine. As pointed out by Aronoff (9), various ionie | tive 
forms of lysine travel at different rates in phenol. Since an unbuffered | hyd 
system is used, the initial pH of the sample largely determines the par. | Ale: 
ticular form of lysine which will predominate. was 
_ Quantitative determination of the amino acid content of the prepara. | tion 
tions was made by the method of Housewright and Thorne (10). In this | tent 
‘method the amino acids are isolated by paper chromatography and then 
measured colorimetrically with ninhydrin under the conditions recom- 
mended by Moore and Stein (11). The samples were hydrolyzed in 2 
n hydrochloric acid for 2 hours at 120° in an autoclave, taken to dryness 
under reduced pressure, dissolved in water, adjusted to pH 11 to 115, 
and diluted to contain 1 to 1.5 mg. of each amino acid per ml. Aliquots of 
the hydrolyzed sample and of the standard amino acid mixture were 
placed on the sheets and developed with 75 per cent phenol by the ascend- 
ing technique for about 20 hours. The amino acids in the hydrolysates 
were then determined by comparison with the standards in the usual way 
(10). 


Isolation of Peptide Fragment 


Results of analyses of several preparations of Compound 3 indicated ms 
1 to 1.2 moles of glutamic acid, 3.1 to 3.6 moles of alanine, and 1 to 1.2 
moles of lysine per mole. In an attempt to obtain more consistent data 
on the amino acid composition of Compound 3, a quantity of the “pep- i 
tide-reducing substance”’ fragment was isolated. Because this fragment enh 
has a high solubility in phenol, it could be separated from any amino acids ond 
liberated during mild acid hydrolysis. To do this, 100 um of Compound 3 oan 
were hydrolyzed in 0.1 N sulfuric acid at 100° for 3 minutes. Sulfate sep 
and uridine-5’-pyrophosphate were removed by precipitation of the barium 
salts at pH 8. Barium was removed as the sulfate, the solution neu- 


tralized and concentrated under reduced pressure to 1 ml., and finally 2 l 
gm. of phenol were dissolved in the solution. This solution was placed but 
on a chromatographic column, 16 mm. in diameter, which contained 25 am 


gm. of powdered cellulose (Solka-Floe BW-200, Brown Company, 500 det 
Fifth Avenue, New York). The column was prepared by packing 4 hy« 
slurry of the cellulose in acetone into the tube under air pressure. The uti 
pack was then washed repeatedly with 75 per cent phenol by forcing it pel 
through with air pressure. The sample was eluted from the column with ( 
75 per cent phenol which flowed at the rate of 2 ml. per hour. The 40th Wa 
to 48th ml. of effluent contained 65 um of peptide. The peptide thus ob- 5 
tained was found to contain 3.03 moles of alanine and 1.00 + 0.05 mole thi 
of lysine per mole of glutamic acid. Co 
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The alanine content of the compounds also was determined quantita- 
tively by estimation of the acetaldehyde released when an appropriate 
hydrolysate was oxidized with ninhydrin. The method described by 
Alexander and Seligman (12) was used, although, since no formaldehyde 
was formed (i.e. no glycine was present), it was unnecessary to use frac- 
tional distillation to isolate acetaldehyde. In Table II, the alanine con- 
tent of the compounds, as determined by the ninhydrin colorimetric 
method, is compared with the alanine content found by the acetaldehyde 
method. It is seen that both methods indicated 1 alanine residue per 
mole of Compound 2 and 3 alanine residues per mole of Compound 3. 
Also, no alanine was detected in Compound | by the acetaldehyde method, 
whereas the colorimetric method falsely showed the presence of 0.5 to 
0.7 mole of “alanine” per mole of compound. The ninhydrin-positive 
material released from Compound | is actually the amino sugar, some of 
which is destroyed during hydrolysis. The amino sugar has an R, value 


Taste Il 
Alanine Content of Compounds Determined by Two Methods 
| Alanine per mole 
| Colorimetric ninhydrin Acetaldehyde 
1 0.7,0.5 0.0 
2 1.2 1.0 
3 3.1 3.0 


and hence interferes somewhat with the determination of alanine in the 

compounds by the colorimetric method which depends upon the complete 

separation of alanine from other substances that react with ninhydrin. 
Configuration of Amino Acids 

Lysine—The synthetic medium developed by Henderson and Snell (13), 
but with pyridoxal omitted, was used for the microbiological assay of the 
amino acids. It was found that the lysine content of preparations, as 
determined microbiologically, agreed with the amount found by the nin- 
hydrin method. Since the test organism, Streptococcus faecalis R, can 
utilize only L(+ )-lysine, it is concluded that L(+ )-lysine is present in the 
peptide of Compound 3. 

Glutamic Acid—In order to determine which isomer of glutamic acid 
Was present, L(+ )-glutamic acid decarboxylase was used (10). Less than 
5 per cent of the glutamic acid was L(+)-glutamic acid on the basis of 
this method. The carbon dioxide evolved from a hydrolyzed sample of 
Compound 3, which contained 1 mg. of glutamic acid, was only slightly 


only slightly different from that of alanine in most of the solvents tested, 
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greater than with the enzyme alone. There was no inhibition caused by 
the sample, as the theoretical carbon dioxide evolution was obtained from 
L(+ )-glutamie acid added to such samples. 

Thus, it was evident that Compound 3 did not contain L(+ )-glutamic 
acid. Either the material was p(—)-glutamic acid or the ninhydrin-posi- 
tive material, which behaved like glutamic acid in paper chromatograms 
with phenol, was not glutamic acid. The R, values of the unknown and 
of glutamic acid were identical in the six solvent systems tested; hence 
their identity appears likely. 

A small quantity of glutamic acid was isolated from a hydrolyzed sam- 
ple of Compound 3 by chromatography on powdered cellulose. The 
system employed was similar to the one used for purification of “peptide- 
reducing substance.”” 4 mg. of crystalline material were recovered. The 
specific rotation in 0.5 N hydrochloric acid was [a]?? = —37°; the specific 
rotation of p(—)-glutamic acid in 0.5 N hydrochloric fcid was [al” = 
—31°. From these results it is concluded that p(—)-glutamic acid is a 
constituent of Compound 3. 


Alanine—Samples of Compound 3, hydrolyzed for 2 hours at 120° in 


2 n hydrochloric acid, contain over 3 molecules of alanine per mole of 
Compound 3. Approximately the same results were obtained when hy- 
drolyzed samples were assayed microbiologically with S. faecalis R, al- 
though they were variable. Hence, the presence of alanine was confirmed, 
but since S. faecalis R could utilize p-alanine almost as effectively as 
L-alanine, configuration could not be established in this way. The use of 
hog kidney p-amino acid oxidase was possible, however, since p-alanine is 
rapidly oxidized and p-glutamic acid oxidation is negligible. The pro- 
cedure used was essentially that described by Krebs (14), and it was found 
that 11.2 wl. of oxygen were used per micromole of p-alanine as expected. 


When a sample of the purified “peptide-reducing substance” was hydro- | 


lyzed and analyzed for p-alanine and total alanine, it was found that 52 
per cent of the alanine present was of the p form. Hence, the prepara- 
tions of Campound 3 may be mixtures of compounds which are similar 
chemically, have the same total alanine content, but differ in the quantity 
of each isomer present. 

Preparations of Compound 2 are usually contaminated slightly with 
the other compounds. However, when tested with p-amino acid oxidase, 
it was found that only 2 to 8 per cent of the alanine in hydrolysates of 
Compound 2 was attacked. Thus, it is probable that this compound 
contains L-alanine only. 


DISCUSSION 


The normal function which compounds of this type serve is not im- 
mediately evident from a knowledge of their structure. It should be 
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noted that the compounds are unique in several respects. First of all, 
they contain the \-acetylamino sugar that possesses acidic properties. 
This is a new compound which seems to serve as a bridge between the 
nucleotide and the amino acid fragment of Compounds 2 and 3. The 
second unusual characteristic is the occurrence of amino acids in combina- 
tion with a nucleotide. Finally, Compound 3 is unusual because it con- 
tains the less common or D isomers of glutamic acid and alanine. 

However, some evidence exists that similar compounds are present in 
normal cells, although the concentration is less than 0.1 um per gm. of 
wet, packed cells. Small quantities of the fractions corresponding to 
Compounds 1, 2, and 3 were prepared from normal cells by the procedure 
described previously (1). Analysis of the preparation, which corresponded 
to Compound 3, indicated that it was identical with Compound 3 in so 
far as could be determined (15). It contained uridine-5’-phosphate, labile 
phosphate, a potential reducing substance, alanine, lysine, and glutamic 
acid in roughly the amounts expected. Thus, it appears likely that iden- 
tical or very similar compounds are present in normal S. aureus. How- 
ever, final proof that such compounds are natural requires complete char- 
acterization of the compounds isolated from normal cells. 

After the addition of penicillin to a growing culture of S. aureus, the 
cells remain viable for 30 to 45 minutes. In this brief period, the con- 
centration of uridine-5’-pyrophosphate compounds rises from a value of 


less than 0.1 wm per gm. to as much as 5 ym per gm. of wet, packed cells. 


As much as 5 per cent of the phosphorus utilized by the cells during growth 
in the presence of penicillin is converted to uridine diphosphate deriva- 
tives. This suggests that normally the rate of turnover of compounds of 
this type is rapid and that penicillin has prevented their normal utilization. 

Since addition of penicillin to the growing culture causes rapid produc- 
tion of the compounds, it would seem that the enzyme systems for syn- 
thesis of these compounds, or for very closely related compounds, must 
already exist in the cells. In order for uridine-5’-phosphate to be rapidly 
formed and immediately utilized, one might assume that the nucleotide 
is being incorporated into the nucleic acid of the cell. However, the im- 
portance of the compounds to the cell may lie in the reactions which the 
amino sugar-amino acid fragment undergoes. It is hoped that further 
work will elucidate this problem. 


SUMMARY 


The behavior on paper chromatograms of three similar uridine-5’-py- 
rophosphate compounds obtained from penicillin-treated Staphylococcus 
aureus is described. In addition to the uridine-5’-pyrophosphate-amino 
sugar group (Compound 1) which is common to all three compounds, 
Compound 2 contains 1 L-alanine residue and Compound 3 contaims a 
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peptide which is composed of L-lysine, p-glutamic acid, and 3 alanine 
residues. 


The author wishes to thank Dr. Riley D. Housewright for his continued 
interest in this work. The competent technical assistance of Kenneth C. 
Snyder, HM3, United States Navy, is gratefully acknowledged. 
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The present paper describes the determination of the relative abundance 
of different types of C™"-ethylene 
C"H,) by mass analysis and the application of the procedure to studies of 
the mechanism of CO, fixation in acetate by Clostridium thermoaceticum. 

C. thermoaceticum ferments glucose with practically a quantitative yield 
of acetate (1), and in the presence of C“O, the acetate has been found by 
Barker and Kamen (2) to contain approximately an equal concentration 
of C“ in the methyl and carboxyl positions. Therefore it was suggested 
(2) that the fermentation occurs as follows: 


+ — 2CH;-COOH + 8H + 2CO; (1) 
8H + 2C*O; — C¥H,-C“OOH + 2H,0 (2) 


Accordingly, the acetate should be a mixture of labeled and normal acetate, 
of which 33.3 per cent would be formed from CO, and be doubly labeled 
(C“H,;-C“OOH) and 66.6 per cent would be from the glucose and be 
unlabeled (C"H;-C"OOH). It is clear that it would be impossible on 
the basis of chemical degradation and determination of the concentration 
of the tracer in the different positions to differentiate such a mixture from 
one containing 33.3 per cent of each of the singly labeled acids 
(C“H;-C"OOH and C"H;-C“OOH) and 33.3 per cent of the unlabeled 
acid (C"H;-C"OOH), since the average concentration of tracer in the 
methyls and carboxyls would be identical. However, mass abundance 
measurement of the molecules per se of such a mixture should differentiate 
between the two mixtures. For such measurements a large concentration 
of isotope would be necessary; therefore C’ has been used, and in order 
to obtain the molecules in a gaseous form and to eliminate the mass effect 

* Supported in part by a grant from the American Cancer Society and the Elisa- 


beth Severance Prentiss Foundation. The radioactive isotope used in these stud- 
ies was obtained on allocation from the Atomic Energy Commission. 
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of oxygen isotopes the acetate was converted to ethylene.' The masses 
dealt with therefore were as follows: 


— mass = 30 
and — H.C'%=C'H., mass = 29 
— mass = 28 
It should be possible with the mass spectrometer to determine the respec- 
tive amounts of doubly, singly, and unlabeled ethylene in an ethylene 
sample, and hence the relative amount of the corresponding species of 
acetate from the fermentation. 
I. Procedure for Mass Analysis of C-Ethylene 


Preparation of Ethylene—Doubly labeled ethylene was prepared from 
BaCO; containing 24.5 per cent C™ by using the following series of re- 
actions. 


NI (CH,),(C.*H,) NOH + + H.0 


C*H,-C*0CI 


The barium carbide was prepared as described by Calvin et al. ((3) p. 205). 
It was hydrolyzed to acetylene and swept with nitrogen through a HgCl 
solution at 100° and next into a bisulfite solution to trap the aldehyde (4). 
The aldehyde was distilled from the bisulfite after addition of K,HPO, 
and was then oxidized to acetic acid and distilled as described by Stahly 
et al. (5). The sodium salt was dehydrated by heating under a vacuum 
at 170-180° for 2 hours. It was then mixed with benzoyl chloride and 


' Karly attempts were made to determine types of C'-acetate directly on the mass 
spectrometer. The doubly, singly, and normal labeled acetate were to be deter- 
mined by comparison of masses 62, 61, and 60. Also it was considered that the 
equivalent of a degradation could be accomplished directly on the spectrometer by 
determination of mass ratios on the fragments arising from the acetic acid during 
the formation of ions by electron bombardment. The studies with acetic acid as 
such were abandoned because of the inconvenience of preparing and introducing 
acetic acid into the spectrometer, because of the strong absorption of acetic acid 
to the walls of the instrument which reduced the reliability of the measurements, 
and because of the possibility of carbons losing their orientation with respect to at- 
tached atoms during fragmentation (cf. Stevenson (9)). 
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the acetyl chloride was distilled from the mixture. The acetyl chloride 
was swept with nitrogen into the lithium aluminum hydride reaction mix- 
ture (6), and, after butyl carbitol was added, the mixture was refluxed and 
nitrogen was passed through to carry the alcohol into a trap cooled in 
dry ice. The alcohol was volatilized and carried with nitrogen gas through 
boiling 57 per cent HI. HI fumes were removed by a bead tower con- 
taining 20 per cent CdCl, and 20 per cent BaCl, and the ethyl iodide was 
collected in a dry ice trap. The trimethylethylammonium iodide was then 
obtained as the crystalline salt (7); it was dissolved in an equivalent 
quantity of 0.1 N sodium hydroxide and the iodide removed after adding 
an equivalent amount of silver nitrate solution. The filtrate was evapo- 
rated to dryness under a vacuum at room temperature and the ethylene 
was liberated under a vacuum by heating the trimethylethylammonium 
hydroxide-sodium nitrate mixture in a bath to 190°. Basic amines and 
water vapor were removed by passing the liberated gas over phosphoric 
acid on porous chips and through a dry ice trap. The gas was collected 
in a bulb cooled in liquid nitrogen. The ethylene was next fractionated 
by distillation in a vacuum and the middle fraction was used. The above 
method was found to give ethylene free of compounds of higher molecular 
weight than mass 30 as determined on the mass spectrometer. It is 
essential that there be no compounds of high molecular weight present ;? 
otherwise breakdown products might be formed during the ionization and 
occur at mass 30, 29, or 28. 

Singly labeled ethylene was prepared in the same manner from carboxyl- 
labeled acetic acid which was made from methyl iodide and C"-cyanide. 
The acetate had 24.5 per cent C™ in the carboxyl group. Unlabeled 
ethylene was also prepared. Known mixtures of the gases were made on 
a vacuum manifold and these were analyzed on the mass spectrometer. 

Mass Spectrometer Analysis—A double collector mass spectrometer of 
the Nier type (8) was used, but only the collector with the narrow slit 
was employed for the measurement of the respective masses. The ioni- 
zation potential was approximately 45 volts, the accelerating potential 
about 1500 volts, and the masses were focused by variation of the voltage. 
The positive ions dealt with were as follows: 


30 
29 H,C'%=C"H, 
28 (CH'=C¥H, H,C%=C"H, HC'=C"H;) 


? Ethylene was also prepared from ethyl alcohol by passing the vapor under a 
vacuum through a heated tube at 210-220° which contained porous chips that had 
been dipped in phosphoric acid. This ethylene was not satisfactory, since by analy- 
sis in the mass spectrometer it contained higher molecular weight gases which during 
ionization formed breakdown products of masses 30 and 29. 
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The quantities to be measured are the amount of H.C"==C"H, at mass 
30, the H:C"=C"H, at mass 29, and the H,C"’==C"H, at mass 28 and 
therefore correction for the ions which lacked hydrogen was necessary, 
The relative abundance of masses 28 (H,C"==C"H:), 27 (H:C"%==C"H), 
and 26 (HC"==C"H, H.C"==C") for unlabeled ethylene was determined 
and correction factors were calculated from these readings for removal 
of 1 H and 2 H atoms on the assumption that C" and C” molecules lose 
H to the same extent (cf. Stevenson (9) for a study of such fragmentation), 

Equations for Calculations—Three types of acetate are considered with 
CO, as the labeled source: (1) neither carbon is derived from the labeled 
source (“unlabeled’’), (2) 1 carbon is derived from the labeled source 
(“singly labeled’), and (3) both carbons are derived from the labeled 
source (“doubly labeled’’). The relative contributions of the different 
types of labeled acetate to the various species are calculated in Table I 
for the case in which the labeled source contains 25 atoms per cent C". 
Completely random selection of C” and C"” is assumed from either the 
labeled or unlabeled source. 

The relative molecular abundance shown in the last two lines of Table I 
is for the C¥-ethylene which would be obtained if the C"-acetates were 
derived in each case entirely from the indicated type of synthesis. If the 
labeled ethylene were derived from a mixture of 30 per cent doubly labeled, 
20 per cent singly labeled, and 50 per cent unlabeled acetate, each type 
of acetate would contribute to all three molecular species and the total 
amount of each species would be the sum of the contributions from each 
type. The relative molecular abundance of mass 30 and mass 28 ethylene 


3 This correction does not take into account the small contribution to mass 2” 
and mass 26 caused by fragmentation of H:.C'==C"H, and H,C'*=C"H, which ar® 
present in unlabeled ethylene because of the presence of 1 per cent C™ in norma! 
carbon. All readings on the spectrometer were corrected for the residual readings 
obtained when no gas was introduced in the instrument. The following is an ex- 
ample of the calculations. The galvanometer readings, in comparable arbitrary 
units, for unlabeled ethylene were mass 28 = 7050, mass 27 = 4080, and mass 26 = 
3810; the correction factor for removal of 1 H is 0.58 and for 2 H atoms 0.54. The 
readings for a labeled ethylene mixture were mass 30 = 201, mass 29 = 2080, mass 
28 = 7600. The contribution to mass 29 by removal of 1 H from H,C"=C"H, to 
vield H,C"=C"H is therefore 201 X 0.58 = 117 and that to mass 28 by removal of 
2 H atoms from H,C"'=C"H, to yield HC"=C"H and H,C'=C" is 201 XK 0.44 = 109. 
The contribution to mass 28 by removal of 1 H from H,C'=C"H, to yield H,C"%= 
C*8H and HC"=C"H, is (2080 — 117)0.58 = 1139. The subtraction of 117 is to cor- 
rect for the H,C“=C"H present at mass 29. The abundance of H,C*=C"H, rel- 
ative to H,C"%=C"H, is therefore calculated as (201/(7600 — 1139 — 109))100 = 3.16 
per cent and for H,C'%=C"H, to H,C%=C"H, as ((2080 — 117)/(7600 — 1139 — 
109))100 = 30.9 per cent. It is apparent that these corrections are substantial, but 
a comparison of experimental and calculated values, as shown in Table II, demon- 
strates that the accuracy is sufficient for the present work. 


On 


coul 
sym 
dou 
% 
‘ 
Cur 
Cu 
cont 
Was 
sou 
Eq 
(H, 
| In 
has 
He 


AE? 


H. G. WOOD 909 


could be calculated from the data of Table I as follows: 
H.C®==C"H,)100 = 


(0.0625 < 0.30) + (0.0025 X 0.20) + (0.0001 X 0.50) 
(0.5625 X 0.30) + (0.7425 X 0.20) + (0.9801 X< 0.50) 


On the same basis a general equation may be set up with the following 
symbols: D = fraction of ethylene in the mixture which was formed from 
doubly labeled acetate; S = fraction of ethylene in the mixture which 


xX 100 = 238 (3) 


Taste | 
Calculated Contribution of Different Types of Labeled Acetate to Various 
Molecular Species 
Acetate 
% Cin 25 1 | 1 
% “COOH 25 25 1 
0.25 X 0.25 = 0.01* X 0.25 = 0.01 x 0.01 = 
C¥H,-C¥OOH 0.0625 0.0025 0.0001 
0.25 X 0.75 = 0.01 X 0.75 = 0.01 X 0.99 = 
C3H,-C*O0H 0.1875 0.0075 0.0099 
| 975 x 0.25 =| 0.99 X 0.25 =| 0.99 0.01 = 
0.1875 0.2475 0.0099 
0.75 X 0.75 =| 0.99 X 0.75 =| 0.99 x 0.99 = 
C¥Hs-C¥OOH 0.5625 0.7425 0.9801 
100 11.1 0.34 0.0001 
100 66.7 34.0 2.02 


* For simplicity, in these calculations it has been assumed that normal carbon 
contains 1.00 per cent C™; the usually accepted value is 1.09 per cent. 


was formed from singly labeled acetate; F = fraction of C™ in the labeled 
source ((atoms per cent C")/100). Thus in the above example D = 0.30, 
S = 0.20, and F = 0.25, and in the generalized form Equation 3 becomes 
Equation 4. 
= 
100F?7D + FS 
(1 — FYD + 0991 — F)S +0981 D— 8S) (4) 


In Equation 4 a quantity corresponding to (0.0001 X 0.50) of Equation 3 
has been omitted in the numerator, which represents the contribution to 
H:C"==C"H, by unlabeled ethylene. It is so small as to be of no con- 


sequence. 


| 
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Likewise, for the above mixture, by use of the values for H,C™==C"H, 
of Table I the following equation is obtained. 
= 


(2 X 0.1875)0.30 + (0.0075 + 0.2475)0.20 + (2 « 0.0099)0.50 
0.5625 X 0.30 + 0.7425 X 0.20 + 0.9801 X 0.50 “= 


The generalized equation is 
= 


20F(1 — F)D + (1 — F)S + + 1981 — D — 8) 
(1 — FYD + 09911 — F)S + 09811 — D — 8S) (5) 


In addition to Equations 4 and 5 there is another which may be set 
up that characterizes the mixture. It is an expression of the average per 
cent C® in the ethylene. 


Average atoms % C" in ethylene = 


D D = 
2FD + FS + 0.021 — D — 8) 100 


The procedure to be used in studying the C-acetate formed by fixation 
of CO, in a fermentation may be summarized as follows: The acetate 
is converted to ethylene and the ratios H,C"—C"H,:H,C"==C"H, and 
H,C*=C"H;,: H,C'==C"H;, are calculated from the relative abundance of 
masses 30 and 29 to 28 as determined on the mass spectrometer. In 
addition the average per cent C" in a burned sample of the ethylene is 
measured. The average F is calculated from the beginning and final 
concentration of C" of the CO, as determined on aliquots of the initial 
and final bicarbonate-CO, of the fermentation. F is maintained as nearly 
constant as possible during the fermentation. Values D and S are then 
calculated by Equations 4 and 5 or 4 and 6. Prior to the study of the 
acetate from the fermentations, it was necessary to test the method on 
known mixtures of ethylene containing different proportions of doubly 
and singly labeled ethylene. 

Spectrometer Analysis of Known Mixtures of Doubly and Singly Labeled 
Ethylene—The mixtures of ethylene were prepared as described previously. 
The results of the analyses are shown in Table II. For each mixture the 
known and the experimental values are presented, as well as those cal- 
culated from the experimental values. Only results from combinations 
of Equations 4 and 5 and 4 and 6 are shown, although the values calculated 
from Equations 5 and 6 were about the same. It has been considered 
that in general the most reliable values would be obtained by use of Equa- 
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tion 4 as one of the simultaneous equations, since it is the H,C"==C"H,: 
H.C*%=C"H, ratio that undergoes the greatest change when double label- 
ing occurs. It is seen that there is reasonably good agreement between 


II 
Comparison of Experimental and Known Values Obtained from eenaee 
of Synthetic Ethylene 
The results are expressed in per cent. The C in the labeled position contained 
4.5 per cent C¥. For each mixture the bold-faced numbers are known values; the 
others are experimental values calculated from the mass analysis determination. 


‘restive abundance’ Relative abundance, compared | Types of ethylene 
to mass 28 | Equation 
8.8 | 12.28 | 96.0 | 5.0 
0.365 26.6 O43 | 31.2 4,5 | 1.7 | 91.3 | 7.0 
| | | 4, 6 16 92.2 6.2 
0.283 | 22.1 9.22 68.0 31.0 
0.236 19.2 | 0.266 21.6 4,5 0.9 66.6 | 32.5 
4, 6 0.8 67.9 | 31.3 
0.113 1.3 5.15 | 34.5 65.5 
0.138 9.9% 0.143 10.4* 4,5 0.9 30.5 | 68.6 
4, 6 0.8 33.6 | 65.6 
| 6.44 40.9 18.24 73.8 26.2 
4.91 | 34.9 6.24 40.8 , 4,5 | 71.6 3.7 | 24.7 
| 4,6 | 71.2 5.3 | 23.5 
«2.65 18.1 | 9.69 37.0 63.0 
2.29 17.6 | 2.57 18.3 | 4,5 | 3.8 | 3.2 | 61.0 
| | | 4,6 | 35.8 29 | 61.3 
| 8.06 80.21.78 $7.0 34.5 | 28.5 
2.45 26.7 298 20.4 | 85.7 36.2 | 28.1 
| | 46 | 35.8 | 37.7 | 2.8 
1.33 14.6 7.44 | 17.3 64.2 
1.21 | 13.7 1.32 | 4.2 45 | 18.4 16.7 64.9 
4,6 18.2 184 63.4 


* It seems likely ‘that an error was made i in this determination. The calculated 
values D and S are not influenced as much by variations in the mass 29 readings as 
they are in the mass 30 readings. 


the experimental values and the known values and it appears that the 
method is sufficiently accurate to use in fermentation studies. 


IT. Mass Analysis of Acetate from Fermentations 


The application of the preceding mass analysis to fermentation studies 
of necessity involves certain assumptions. The equations are valid only 
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when the concentration of C¥ (F) is equal and constant for each of the | the | 
carbons involved in the double and single labeling processes. The change | gceti 
in F was minimized by conducting the fermentation in the presence of a A 
pool of C“O, which was large relative to the CO, that was produced by | and 
the fermentation of the glucose. The significance of F is considered in | 5 m 


more detail in the discussion. 

Procedure of Fermentation—The fermentations were conducted in 3 liter 
round bottomed flasks with ground glass joints fitted with a dropping 
funnel and a gas inlet tube with a stop-cock. The sterile flask was attached 
to a manifold and evacuated and C"O, which had been frozen in liquid 
nitrogen was introduced into the flask to a pressure of approximately 60 
em. of Hg. A sterile solution of sodium hydroxide and potassium phos- 
phate containing phenolphthalein indicator was introduced into the flask 
and the solution was equilibrated with the CO, until it was colorless to 
phenolphthalein. The glucose solution and the combined solution of the 
other constituents were then introduced together with the inoculum through 
the dropping funnel. The inoculum was a water suspension made by 
churning the bacteria out of a 3 day stab culture on glucose, yeast extract, 
tryptone, and agar. The fermentation medium consisted of 0.056 ™ glu- 
cose or 0.1 mM pyruvate, 0.5 per cent Difco yeast extract, 0.5 per cent Difco 
tryptone, 0.05 per cent (NH,):S0O,, 0.05 per cent sodium thioglycolate, 
0.01 per cent MgSO,-7H,0, 0.08 m NaHCO, (introduced as NaOH), 0.04 
m K:HPO,, and 0.04 m KH:PO,. Incubation was at 55° and the flasks 
were shaken continuously to maintain CO, equilibrium between the liquid 
and gas phases. Usually the fermentation was allowed to proceed to 
completion and the sugar was all fermented in 6 to 8 days. 

Separation and Degradation of Acetate—The only product of quantitative 
significance is acetic acid. There is very little, if any, net change in CO, 
during the fermentation, and, because of the large pool of CO; employed, 
the small change could not be determined accurately. A sample of the 
original CO, was taken for the C" determination. At the conclusion of 
the fermentation the flask was attached to a reflux condenser, the solution 
was acidified with sulfuric acid, the mixture was boiled and aerated, and 
the CO, was collected in 35 ml. of 10 s KOH in a bead tower. The con- 
centration of C" and the amount of CO, were determined in an aliquot 
of the alkali solution, correction being applied for the carbonate originally 
present in the KOH solution. 

The acetic acid was steam-distilled from the solution after removal of 
the bacteria by centrifugation and the acid distillate was oxidized with 
HgO (10) to remove any formate that might be present. Little or no 
formate was formed in the fermentation. The acid was again steam- 
distilled. The acid from the second distillate was partitioned (11) and 
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the partition constant agreed within experimental error with that for pure 

A portion of the acid was converted to the sodium salt, made anhydrous, 
and was then converted to ethylene as described in Section I. Usually 
5 mm of acid were used for this conversion. After distillation of the 
ethylene the values for relative mass abundance were determined on the 
mass spectrometer. The gas was in all cases found to be free of components 
with a higher mass than 30. An aliquot was oxidized to CO, with copper 
oxide at 350° and was then analyzed for C™. 

Occasionally the C™" content of the ethylene was found to contain a 
lower atom per cent C” than the acetate (Columns 8 and 9, Table III). 
The C" in the acetate was estimated from the average C™ content of the 
methyl and carboxyl carbons obtained by chemical degradation of the 
acetate. This dilution of C” was apparently caused by the presence of 
ethyl alcohol in the ethyl carbitol which was used in the lithium aluminum 
hydride reduction of the acetate. Such dilution could be largely elimi- 
nated by previously refluxing and gassing the reagents to remove volatile 
components. Adjustment has been made in the calculation for this dilu- 
tion (cf. foot-note to Table IV). 

The degradation of the acetate to obtain the methyl and carboxyl car- 
bons was performed by pyrolysis of the barium salt ((3) p. 248) to yield 
acetone and barium carbonate. The C™” content of the carbonate repre- 
sents that of the carboxyl carbon. The acetone was degraded by the 
iodoform reaction and the iodoform was either oxidized to CO; with chro- 
mic acid after sublimation, or it was oxidized to CO with silver nitrate 
(12) and then to CO, by a H,SO,-I,0; mixture (13). 

Mass Analysis and Degradation Results—Three glucose and one pyruvate 
fermentation were analyzed. The general experimental data are shown 
in Table III. The calculated values for the amount of doubly and singly 
labeled acids are shown in Table IV and the distribution of the C™® in 
the acetate as determined by chemical degradation in Table V. 

It is noted in Table III, Columns 5 and 6, that there was considerable 
dilution of the C" of the CO, during the fermentation. This dilution 
was particularly large in Fermentation 3 since 300 ml. of medium were 
fermented. It was intended that one aliquot would be removed when 
approximately one-half of the sugar was fermented and a second when the 
fermentation was complete. It was hoped in this way to determine 
whether or not a uniform proportion of doubly and singly labeled acids 
occurred throughout the fermentation. However, the fermentation of 
sugar was practically complete (95.0 per cent) in 4 days; hence this purpose 
was not fully realized and a large dilution occurred of the C™ in the CO. 
In order to reduce the variation in F to a small range Fermentation 21 
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was set up with only 35 ml. of medium in the 3 liter flask. The change 
in per cent C" was thus limited to a variation between 21.9 to 20.7. The 
value of the pyruvate fermentation (No. 8) was somewhat marred because 
a considerable part of the acetate was lost by accident and it was necessary 
to dilute the C"-acetate with normal acetate prior to preparation of the 
ethylene. Thus the acetate contained 6.17 per cent C", whereas the 
ethylene contained only 2.89. Because of the rather large correction ne- 
cessitated by this dilution (cf. foot-note of Table IV) the values calculated 


Taste Ill 
Experimental Data from Fermentations by C. thermoaceticum 


| 
. relative | 
com.- 
Fermen- pared tomass 28 C¥ in | Acetate | 
tation Substrate final CO» PE 100 Ml. acetate 
Mass 30 Mass | 
(1) (2) | (4) | (s) 6) @) | 
per cent | per cent per cent gor mw per cent per coms 
Glucose 2.49 25.1 | 20.4 | 23.6 | 13.9 | 14.0 | 13.5 
0.4 26.8 18.2 12.9 | 108 10.9 
 \Glucose-2 1.47, 18.1 | 26.8 | 18.0 14.5 9.24 
21 Glucose 1.40 18.6 21.9 2.7 12.6 «9.68 
Pyruvate 0.38°  5.65*| 26.1 22.0 9.6 6.17 2.89° 


Fermentation 3 contained 300 ml. of medium; 200 ml. were removed after 4 days 
and analyzed (glucose-1). The remaining 100 ml. were fermented 4 more days. 
Fermentation 21 contained 35 ml. of medium; Fermentations 2 and 8 contained 150 
ml. The glucose fermentations contained 0.056 m glucose; the pyruvate was 0.1 M. 

* 1.90 mo of acetate from the fermentation were diluted with 2.00 mm of normal 
acetate prior to the formation of the ethylene; further dilution occurred during the 
conversion to ethylene. 


for the relative occurrence of double and single labeling processes are less 
reliable than those of the other fermentations. 

It is noted (Column 7, Table III) that, similar to the findings of Fon- 
taine ef al. (1) and of Barker and Kamen (2), more acetate was found 
than would be expected by the reaction C, — 2C; — 2 acetate + 2CO0). 
In such a cleavage 11.2 mM of acetate would be expected per 100 ml. 
from the 0.056 m glucose, whereas the yield was 12.6 to 14.5 mm. The 
yield from pyruvate was not above the theoretical amount for direct cleav- 
age, since 9.6 mm were obtained as compared to the 10.0 mm of added 
pyruvate. It is possible that the pyruvate was not completely fermented; 
however, a qualitative test for pyruvate with sodium nitroprusside was 
negative on the residual fermentation. Barker (14) observed that 1.09 
mM of acetate were formed per mm of fermented pyruvate. 
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It is clear from the C" content of the acetate, as compared to the C¥ 
in the CO, of the fermentation, that there was in each case a substantial 


Tasie IV 


Relative Occurrence of Doubly and Singly Labeled Acetate in Fermentations 
by C. thermoaceticum 


Relative abundance compared asia of acetate (ethylene)* 
tion 
F 
a) Q) (3) (4) (Ss) (6) (7) (8) 
per cent per cent per cent per cent | per cent 
4,5 32.2 32.8 | 35.0 
2 Glucose 2.94 27.8 ice 31.4 | 39.0 | 29.6 
4,5 | 2.8 | 30.1 | 41.1 
1.90 22.1 | | 28.3 | 34.8 | 36.9 
(29.1 | 30.6 | 40.3 
|Glueose-2 1.61 ig 
| | 29.0 | 30.0 | 41.0 
21 Glucose | we | | ae 
| | | 17.9 | 15.0 | 67.1 
| Pyruvate | 5.65f 14,6 18.1 | 10.2 | 71.7 


* These values have been corrected for dilution which occurred either by addi- 
tion of unlabeled acetate to the acetate of the fermentation (pyruvate) or by ethyl- 
ene arising from reagents during the synthesis. The dilution has been determined 
by comparison of the C™ of the acetate of the fermentation with the C™ of the eth- 
ylene (cf. Table II1). For example in case of Fermentation 3, glucose-2, the per 
cent excess C™ in the ethylene was 8.14 (9.24 — 1.1) and in the acetate 9.30 (10.40 
— 1,1); thus (8.14/9.3)100 = 87.5, the per cent of the ethylene that came from the 
original acetate, 12.5 per cent being formed from alcohol of the reagents. The 
values without correction for dilution of the reagents as calculated from Equations 
4and 5 were D = 25.4, S = 26.8, and N = 47.8. Therefore, D = 25.4, 8S = 26.8, and 
N = 47.8 — 12.5 = 35.3 for the ethylene from the acetate of the fermentation. These 
values when converted to the basis of 100 per cent become D = 29.1 (25.4/0.875 = 
29.1), S = 30.6, and N = 40.3 for the distribution in the original acetate. Similar 
corrections were made for all values except Fermentation 3, glucose-1, and Fermen- 
tation 21, glucose. The pyruvate correction included that entailed by the addi- 
tion of normal acetate. It was not possible to make such a correction on Fermen- 
tation 21 because the C™ in the acetate was not obtained (cf. foot-note to Table 
V), but at this time the reagent blank had been practically eliminated by use of the 
method of gassing the boiling reagents prior to use in the reaction. 

t The acetate from this fermentation was diluted with unlabeled acetate and 
these values have not been corrected for this dilution. 


fixation of CO, in the acetate. This was also true in the pyruvate fer- 
mentation. 
In Table IV, Columns 3 and 4, the calculated values are given for the 
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relative abundance of H,C"—C"H, to H,C"=C"H; and of box 
to H,C*==C"H;. These values have been calculated from the mass 30 | 54 
and mass 29 data given in Table III, Columns 3 and 4, by correction for T 
fragmentation, as illustrated previously under “Mass spectrometer analy. | jhe. 
sis.” D, S, and N, the proportion of doubly, singly, and unlabeled acids, | ,pi1 
have been calculated in two ways, the upper line being from Equations4 | jy; 
and 5 and dependent on measurement of mass 30 and mass 29, respectively, | the: 
the lower line from Equations 4 and 6 and involving the mass 30 measure. 
ment and the average C" in the ethylene. In general the two calculations 
give similar results, but there is considerably more variation in the fer- L 
mentation data than was found with the synthetic ethylene (Table II). C 
The close agreement in the two sets of values for Fermentation 21 may 
be because the requirement that F be constant was more nearly met in 
this instance. Ferm 

There is no question that doubly labeled acetate was present in the 
acid from the fermentation. Thus, even if 100 per cent of the acetate 
were singly labeled and F = 0.30, the abundance ratio H;C"==C"H; to | ~~ 
H,C'==C"H, would only be 0.43, whereas the observed values varied from 
1.55 to 2.94 (Table IV, Column 3) for the glucose fermentations and the 
highest C™ used in the original CO, was 29.4 per cent. 

It appears from the calculations for the fermentations of glucose that 
approximately 30 per cent of the acetate formed was doubly labeled, 30 
per cent singly labeled, and 40 per cent from the glucose without involving } + 
fixation of CO,. In the case of pyruvate, less doubly and singly labeled | to : 
acids were formed. fror 

The results from the degradation of the acetate (Table V) provide | “ ' 
additional information on the mechanism of the fixation of CO,. The 
excess C" in the methyl and carboxyl groups is presented, together with 
the per cent of the carbon that originated from CO, carbon. The latter 
has been calculated on the basis of the average per cent C™ of the gas 
phase during the fermentation, e.g. (9.35/25.4) 100 = 36.8. The most 
obvious source of error in these calculations would result if the CO, inside 
the cell were not in equilibrium with the external CO,. If this occurred, 
the amount formed from CO, would be greater than has been calculated. 
It is seen that, contrary to the results obtained by Barker and Kamen (2), 
the concentration of tracer was in no instance equal in the methyl and | 
carboxyl groups, the concentration in the latter being about twice as high 
as in the methyl group. It is evident from these observations per se that 
there was a single labeling process whereby CO, was fixed in the carboxyl 
group. 

The calculated portion of the methyl group formed from CO, varied in 
the three ghicose experiments from 30.2 to 36.8 per cent and for the car- 
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boxyl group from 54.8 to 64.9 per cent. The values for pyruvate were 
15.4 and 28.7. 

The simplest interpretation of these data is that about 30 per cent of 
the acetate is formed exclusively from CO:, yielding doubly labeled acetate, 
while the remainder of the acetate is derived from glucose by a process 
involving CO, fixation in the carboxyl group. Detailed consideration of 
these and other data will be given in the discussion. 


TaBLe V 
Distribution of Fired CO; in Acetate from Fermentations by C. thermoaceticum 
C™ values are in excess atoms per cent C™. 


Acetate 
| A cs 
Fermentation Subeteate Methyl | Carboxyl in COs of 
No. | fermentation 
Amoun 
| percent per cent percent | percent | per cent 
2 | Glucose | | 16.50 4.9 | 
— Glucose-l 7.11 33.2 12.29 57.4 21.4 
| Glucose-2 6.68 31.3 11.88 55.7 21.3 
Glucose 30.2 11.08" 54.8 20.2 
8 Pyruvate 3.54 15.4 6.60 28.7 23.0 


* The C-acetate was diluted with normal acetate prior to degradation, but due 
to an error the exact dilution was not known. The values given are calculated 
from those determined on the diluted acetate, corrected for dilution on the basis 
of the C™ found in the ethylene (cf. Table II1). 


III. Stability of Acetate during Fermentation of Glucose 


An important factor in the understanding of the mechanism of the fer- 
mentations is the question of whether or not interaction with CO, may 
occur in the acetate subsequent to its formation from glucose. For ex- 
ample C™-acetate might be formed by a double labeling process giving 
equal fixation in the methyl and carboxyl] positions and then there might 
be subsequent activation of the acetate whereby exchange of CO, occurred 
in the carboxyl group. This exchange would introduce additional CO, in 
the carboxyl group and might be the source of some of the singly labeled 
acetate. Another possibility is that the methyl labeling occurred by a 
single labeling process and the doubly labeled acetate resulted from a 
secondary exchange of CO, in the carboxy! of acetate rather than by an 
initial synthesis of doubly labeled acetate. 

Although Barker and Kamen (2) had previously investigated the possi- 
bility of the occurrence of an interaction of CO; with acetate, it was de- 
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cided to reexamine the problem because of its importance in interpreting 
the mechanism of the fermentation. It has been found, contrary to the 
results of Barker and Kamen (2), that under the conditions of our experi- 
ments acetate is by no means inactive and its carboxyl group undergoes 
substantial interaction with COs. 

Fermentation Procedure—The fermentations were set up as described in 
Section II, except that radioactive acetate was added and the gas phase 
initially was unlabeled CO,. 3 liter flasks were used so that a large pool 
of CO, was available for trapping any radioactive CO, that might be 
formed from the C-acetate by breakdown or by exchange reactions. An 
exchange reaction is considered in this instance to be an interaction with 
CO, without net breakdown of acetate. The flasks were shaken contin- 
uously during the 6 to 8 days of fermentation, at which time the glucose 
usually was fermented completely. The CO, was collected at the end of 
the fermentation and its amount and specific activity were determined. 
The acetic acid was steam-distilled and was then degraded to determine 
the distribution of the activity. 

Resulis—The data from four fermentations, two with CH;-C“OOH and 
two with C“H;-COOH, are shown in Table VI. Fermentation 4 was not 
buffered with bicarbonate and only about 20 per cent of the sugar was 
fermented. The remaining fermentations were complete and in these, as 
shown in the last three columns of Table VI, from 88.5 to 94.8 per cent of 
the added C™ was recovered in the CO, and acetate. In Fermentation 5, 
which contained CH;-C“OOH, 55.6 per cent of the C™ was converted to 
CO, and only 30 per cent was recovered in the carboxyl group of acetate. 
It is thus clearly apparent that the acetate is not an inert end-product 
in the fermentation. The methyl group is not subject to nearly as much 
interaction with CO,, only 14 per cent being trapped in the CO, pool and 
about 75 per cent being recovered in the methyl of acetate. It is of interest 
that the interaction of the acetate carboxyl seems to occur without an 
equivalent net breakdown of the acetate. In Table III, Column 7, it 
is seen that the highest yield of acetate from glucose was 14.5 mm and the 
average was 13.7 mm. The recovery of acetate in Fermentation 5, Table 
VI, was 16.5 mm. If no net breakdown of the 3.34 mm of added acetate 
had occurred and the glucose was fermented with the usual yield of acetate, 
approximately 17.0 mm (13.7 + 3.34) would be expected. Actually, since 
only 30.1 per cent of the radioactivity was recovered in the carboxyl, as 
much as 70 per cent of the carboxyl was probably metabolized. Further- 
more, since the residual CO, contained considerable C“, there undoubtedly 
was some turnover which is not apparent, for C would be reincorporated 
in the carboxyl by CO, fixation. On the basis of these results it is seen 
that most, if not all, of the fixation in the carboxyl group (64.9 to 5438, 
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Table V) which was observed could have occurred by an exchange re- 
action with the acetate subsequent to its formation from glucose. 

It seems likely that most of the activity that entered the methyl group 
in Fermentation 5 did so by CO, fixation and very little entered by a more 
direct conversion from the carboxyl group. The activity of the methyl 
group was approximately one-fifth that of the residual CO,, whereas in 
the glucose fermentations of Table V the activity was about one-third 
that of the CO,. The lower incorporation in Fermentation 5 is to be ex- 
pected, since there was no activity in the CO, at the beginning of the fer- 


Tasie VI 


Evidence That Acetate Is Not Stable End-Product during Fermentations of Glucose 
by C. thermoaceticum 


The millimoles are on a basis of 100 ml. of medium. — 


Acetate added Acetate from fermentation | gay 
Final COs and 
NaHCO, = 

Type CHy— | —COOH 

| = 

| mM mu perle per 
CH,-C“OOH 


4 4. 195 | 6.73 | 2.93 | 0.2/57.5/22.8 
5 301 16.5 1.73 | 18.4 | 65.5 8.56 | 2.8/30.1/55.6 
C¥H;-COOH | 2.67, 1260 15.0 173.0 5.12 | 58.6 S04 77.9) 2.3/14.0 
9 “3.73 148 16.5 26.0 | 1.04. 62.4 1.25 7. 3.1/14.1 


Al fermentations contained the u usual yeast extract, , tryptone medium, 
and, in addition, the indicated acid as the sodium salt, except Fermentation 4 in 
which the bicarbonate-phosphate buffer was omitted and the acetate was added 
as a mixture of 6.15 mM of the acid and 5.77 mm of K,HPO, per 150 ml. of medium. 
The fermentation of the sugar was not complete in Fermentation 4 because of the 
low final pH. All fermentations were for 6 to 8 days after growth was first evident. 


mentation and only after oxidation of the C™“-acetate to C“O, could C™ 
enter the methyl by fixation. The fact that the carboxyl of acetate is 
not converted directly to the methyl group is of considerable interest, 
because it indicates that the major fixation of CO, in the methyl group 
was not by a series of reactions such as the following. 


CH,-C“OOH + CO; CH;-C“0-COOH (8) 

CO; + CH;-C“O-COOH — COOH-CH.-C“0-COOH (9) 
— COOH-CH,-C"H,-COOH 

COOH -CH;-C“H;-COOH — COOH-CH, + C"H,-COOH (10) 


It seems likely that the reason Barker and Kamen (2) observed such 
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a small exchange of the carboxyl of acetate with CO, was because they 


used only a very small pool of bicarbonate and CO, in which the CO, from 
aeetate could be trapped and they apparently did not agitate the fermen. 
tation to assure equilibration with the gas phase. This question is con- 
sidered in greater detail by Utter and Wood ((15) p. 115). 

If the methyl-labeled acetate were formed initially by a single labeling 
process and the double labeling occurred by subsequent exchange of CO, 
with the carboxyl of acetate, the methyl group might at some time during 
the fermentation contain a higher per cent C” than the carboxyl group 
and the ratio of C" in the methyl to that of the carboxyl might decrease 
with time. On the other hand, if the primary formation of acetate were 
by a double labeling process and there were carboxyl exchange, the methyl 
group would never contain more C" than the carboxyl, although the ratio 


Tasie VII 
Relative Firation of CO: in Methyl and Carboryl Groups of Acetate in Fermentation 
f Glucose by C. thermoaceticum 


| | Acetate | Ratio of methy! 
Fermentation Days fermented CO: 
| | CH,— COOH | activity 
| | C.p.m. per uM | C.p.m. ¢.pm. per um | 
| 8 9.73 | 


3.89 | 6.10 | 0.64 


‘The fermentation contained 300 ml. of modium and was in a 3 liter Gack under 
CO, containing 11,500 c.p.m. per mM. 


of C" in methyl to carboxyl might decrease as the fermentation proceeded. 
To test this possibility a fermentation was set up with CO, and an aliquot 
was taken 2 days after growth started and again after 8 days. The results 
are shown in Table VII. 

It is seen that the ratio of activity of methyl to carboxyl of the acetate 
was never more than 1 and that it decreased a little during the fermenta- 
tion. Thus the data are in accord with the idea that there was a double 
labeling process and that carboxyl exchange was superimposed on this 
reaction. This evidence is not conclusive of course and in reality only 
proves that the fixation was more rapid in the carboxyl group than it was 
in the methyl group. It is of interest that the activity in both groups 
increased with time, even though the activity of the CO, was decreasing. 
This fact indicates that there was not a strict proportionality between 
the glucose converted to acetate and the amount of CO, fixed. Possibly 
the increased fixation of CO, in both groups occurs subsequent to the 
initial formation of acetate from the glucose rather than by a change in 
the stoichiometry of the process. It is to be noted that the glucose me- 
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tabolism probably is necessary for the exchange reaction. This is indi- 
cated in Fermentation 3, Table V, in which there was little additional 
change in the carboxy] group during the last 4 days of incubation, when 
the sugar had all been fermented. 


IV. Preliminary Studies of Some Possible Intermediate 
Compounds of Fermentation 

Considerable is known about mechanisms whereby CO; may be fixed 
in carboxyl groups (16, 17) and fairly reasonable schemes may be written 
for formation of carboxyl-labeled acetate. Information is very scarce, 
however, on fixation of CO, in other groups of a carbon to carbon chain 
and especially concerning the conversion of CO, to 2 adjacent carbons in 
amolecule. It is true that CO, is fixed in the adjacent 3,4 carbons of 
glucose in glycogen (18), but in the conversion of glucose to other com- 
pounds the change is usually considered to occur via the glycolytic reac- 
tions, and in this case the 3,4 positions are again converted to carboxyl 


groups. 

Utter and Wood ((15) p. 118) have considered several hypothetical 
mechanisms for fixations of CO, in adjacent carbons, and in the case of 
C. thermoaceticum one explanation was built around the reaction discovered 
by Sakami (19) in which formate presumably combines with glycine or 
some other C; unit to form §-labeled serine. Formaldehyde likewise is 
active in such a reaction (20). The C; scheme involving “formaldehyde” 
is given below. 

Glucose 2“‘C,” + 2CO; + 8H; ‘“‘C,’’ CH;-COOH 
C*O, + 4H — “HC*HO” + H,O 
“HC*HO” + “C,” s “C,” = C*H,-CO-COOH 
C*0, + C*H,-CO-COOH C*OOH -C*H,-CO-COOH C*OOH-C*H,-CH,-COOH 
“C*OOH-C*H,-CH;-COOH” C*H,-C*OOH + CH,-COOH 
Besides the evidence that formaldehyde is active in animal metabolism 
there is evidence of its réle in bacterial metabolism. Leaver (21) has 
very recently shown that the propionic acid bacteria fix C“-formaldehyde 
rapidly in propionate. The a and 8 positions were found to contain equal 
amounts of C“ and the carboxyl group a higher concentration. In addi- 
tion it has been found that these bacteria produce formaldehyde (22, 23). 
Thus there is precedence for the idea that an organism might fix CO, in 
adjacent carbons if it reduced CO, to formaldehyde. The scheme is at- 
tractive for C. thermoaceticum because it is known that many Clostridia 
have the ability to reduce CO, to formate and therefore the formation of 
“formaldehyde” from CO, is not unlikely. Furthermore, the reversible 
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reactions from acetate through “succinate” to pyruvate would account for 
the exchange of the carboxyl group of acetate and also for the formation 
of singly labeled acetate by exchange. It therefore seemed desirable to 
test the reactivity of some of these compounds in the fermentation. 

In Table VIII data are presented from experiments in which C™ com- 
pounds have been added to glucose fermentations to determine whether 
they are metabolized. Formaldehyde, glycine, and a mixture of malate 
and fumarate were tested and each was found to be metabolized. The 


Taste VIII 


Conversion of C'* Compounds to CO, and Acetate during Fermentation of 
Glucose by C. thermoaceticum 


The millimoles are on a basis of 100 ml. of medium. 


on Per cent 
Acetate recovered 

Final COs and| #<tivity 
3 Labeled compound added to fermentation NaHCO, 
Ace- 
Z COOH 
CHs tate CO 


6 | HC“HO 0.1/6 ,660.0)12.8) 0.957 | 0.267 67.3) 0.0561) 2.4) 5.7 

15 | C“H,NH,-COOH 1.0} 213.0) 7.6) 1.088 | 0.289 52.6) 0.723 | 4.7)17.8 

22 Malate and fuma-/| 1.0) 128.0) 7.1) 0.926 | 1.632 0.2) 4.650 | 12.0) 0.7* 
rate-1-4-C™ 

23 Malate-1-4-C™ 0. 98.4,14.2) 0.021 | 0.096 21.2) 0.853 | 4.0/23.4° 


Fermentations 6, 15, and 23 were conducted under the usual conditions, except 
that Fermentation 15 was 50 ml. in a 1 liter flask and Fermentation 23 was 25 ml. 
in a 100 ml. flask. The formaldehyde was sterilized by filtration. In Fermentation 
22 the gas phase was N;; the buffer was 0.16 m phosphate at pH 7.1. 

* An ether extract of the residue of steam distillation contained all the activity 
unaccounted for in Fermentation 22. 62 per cent of the activity was in the extract 
of Fermentation 23. 


mixture of carboxyl-labeled fumarate and malate was obtained by enzy- 
matic conversion of C-succinate and was used rather than succinate 
because preliminary experiments indicated that there was better net utili- 
zation of malate than of succinate. The experiment with C-malate was 
done with malate which had been separated from the fumarate by silica 
gel chromatography. 

In the formaldehyde tests most of the formaldehyde appeared to be 
metabolized as judged by titration of the bisulfite-binding compounds (24) 
in an alkaline steam distillate of the residue of fermentations. Only 10 
per cent of the formaldehyde was recovered from Fermentation 6, whereas 
formaldehyde from the uninoculated but incubated medium was recovered 
in 90 per cent yield. A small amount of highly active formate was formed 
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in the fermentation. It was removed from the acid distillate by HgO 
oxidation and by subsequent addition of unlabeled carrier formate, which 
was in turn removed by a second oxidation. This procedure was necessary 
to assure that the acetate was not contaminated with formate. It is of 
interest that the specific activity in the methyl group of the acetate was 
higher than that of the carboxyl group or CO,. Thus it appears likely 
that the formaldehyde entered the methyl groups via a pathway other 
than CO, fixation and this is in conformity with the scheme. However, 
the conversion of formaldehyde to acetate was slow and the evidence does 
not indicate that formaldehyde as such is a normal intermediate. Similar 
slow conversion has been observed in two other experiments in which 
C“-formaldehyde was added in equal portions on 4 succeeding days, the 
total addition being equivalent to 0.008 m and 0.016 m on the basis of the 
final volume of fermentation. In these fermentations about 3 per cent 
of the C“ was converted to acetate, although the glucose was all fermented. 
Approximately 20 per cent of the formaldehyde was unchanged in each 
fermentation as determined by bisulfite titration at the end of the fermen- 
tation. In each about 1 per cent of the C“ was converted to formate. 
The fixation was again found to be higher in the methyl group than in the 
carboxyl group of acetate. A C, derivative such as formylfolic acid might 
be the active component of the fermentation, and slow conversion to this 
intermediate may explain the slight incorporation of formaldehyde into 
acetate. 

Glycine was found to be metabolized and 17.8 per cent of the a group 
was converted to CO;. This conversion was as much as that obtained 
from the methyl groups of acetate (Table VI). It is observed that the 
acetate which was formed from a-labeled glycine contained a higher con- 
centration of C“ in the methyl group than in the carboxyl group or the 
CO,. It thus appears that there was a conversion of glycine carbon to 
acetate that did not occur via CO,. The recovery of C™ in the acetate 
was low, however, and it appears likely that glycine is not an active inter- 
mediate and is not rapidly converted to an active C, unit. There is no 
conclusive demonstration of the mechanism of formation of methyl-labeled 
acetate from a-labeled glycine, although the transformation to a- and car- 
boxyl-labeled acetate is well known (25). 

The mixture of malate and fumarate was likewise metabolized. In this 
case no CO, pool was present to trap effectively the CO, formed from the 
dicarboxylic acids or to exchange with the carboxyl group. Therefore this 
experiment is not strictly comparable to others of this investigation. It 
was hoped by omission of CO, to avoid the dilution 6f the carboxyl carbon 
by CO, fixation and to detect a direct cleavage of the dicarboxylic acids 
through the formation of acetate with a higher activity in the carboxyl 
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group than was in the metabolic CO,. This purpose was not realized and 
it seems likely that all of the C“ entered the acetate by way of CO, fixation, 

In Fermentation 23 CO,-bicarbonate was included to provide a pool to 
trap the C“O, from the C“-malate. There was a total of 23.4 per cent 
of the activity of the malate recovered in the CO,. However, the r. 
covery of CO; in acetate was low, only 4 per cent. It thus appears unlikely 
that there was much direct cleavage of malate to acetate. The recovery 
in acetate was even lower than would have been expected by CO, fixation, 
the ratio of carboxyl activity to CO, activity being 1:11. A possible 
explanation is that the malate fermentation was slower than that of glu. 
cose and that its breakdown continued after the glucose was all utilized. 
In this way the C™ activity of the CO, continued to increase, but, since 
the glucose fermentation had ceased, the fixation of CO, in acetate may 
have ceased. 

It is apparent that much more detailed studies will be necessary before 
substantial progress can be made on the intermediate reactions of this 
fermentation. 


DISCUSSION 


The mechanism whereby the autotrophs are able to bring about a net 
synthesis of compounds from CO, is for the most part unknown at present. 
The fixation of CO, in both the methyl and carboxyl groups of acetic acid 
has been considered to represent a total synthesis of acetate from CO, and 
would thus be similar in many respects to autotrophism. The primary 
object of this study has been to establish firmly whether or not the fixa- 
tion is truly in adjacent carbons. However, even if the fermentation did 
not involve a synthesis of adjacent carbons from CQ,, it would be of un- 
usual interest because there is no well established mechanism to explain 
the conversion of CO, to the methyl group of acetate. 

Before the quantitative significance of the calculations is considered, the 
assumptions involved in the calculations need to be evaluated. Those 
assumptions made in the use of the mass spectrometer appear to be justi- 
fied by the data presented on the known mixtures of differently labeled 
ethylene. 

Two independent methods have been used in studying these fermen- 
tations: one the chemical degradation of the acetate to obtain the dis 
tribution of the C™, and the other the mass determination of the different 
types of molecular species of ethylene from the acetate. The internal 
agreement of the data from these two methods is an indication of the 
reliability of the procedures, provided the errors do not influence both 
determinations in the same proportion. Table 1X gives a composite of 
all the experimental data from the fermentations. ‘The total methyl which 
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was calculated to be formed from CO; is shown in Column | and the total 
carboxyl in Column 4. These values are from Table V. The total doubly 
labeled acid is shown in Column 2 and the total singly labeled acids in 
Column 7. These are the averages of the values given in Table IV. The 
total methyl minus the methyl present in doubly labeled acid gives the 
methyl present as C*H;-COOH (Column 3). It is noted for glucose that 
the doubly labeled acid, C*H;-C*OOH, varies from 31.8 to 26.5 and the 
C*H;-COOH from 2.3 to 5.0. The difference between the total carboxyl 
from CO, and the doubly labeled acids gives the CH;-C*OOH, which 
varies from 26.7 to 33.1, as shown in Column 5. The sum of the 


Taste IX 
Types of Acids Calculated As Formed in Fermentation 


+ 
| | gs = | #85 
ie | (1) (2) (3) (4) (S) (6) (7) (8) 
2 | Glucose 36.8 | 31.8 5.0 64.9 33.1 | 38.1 | 35.9 | 30.1 
,  {[Glucose-1 33.2. | 28.5 57.4 | 28.9 | 33.6 | 32.5 | 37.9 
Glucose -2 31.3 | 29.0 2.3 55.7 2.7 | 29.0 | 30.3 | 42.0 
Glucose 30.2 | 26.5 3.7) 54.8 | 28.3 | 32.0! 31.4 41.5 
8 Pyruvate 15.4 | 18.0 28.7 | 10.7 | 12.6 71.3 
21° 36.1 | 37.9 | -1.8 65.4 | 27.5 23.7 
21° 43.9 | 56.8 | -12.9 | 79.5 | 22.7 7.7 


* The valuece on the last two lines are for Fermentation 21 when F is assumed 
equal to 0.18 and 0.15 instead of 0.212 which was the average C™ content of the gas 


C*H;-COOH and CH;-C*OOH should equal the total H,C*=CH, as 
determined independently from the mass analysis. The agreement be- 
tween the values, Columns 6 and 7, is quite good. 

The most obvious source of error is the F used in Equations 4, 5, and 6 
for calculations of D and S from the spectrometer data. The percentage 
of C"-C" molecules arising by a double labeling process (D) is dependent 
on the C" concentration of the carbon source. The higher the value of 
F the smaller is the value of D that is necessary to give a certain number 
of C¥-C"™ combinations, since at the high C" concentration there will be 
less chance of C" combining with a C”. Thus D is dependent on F. 
There are three obvious sources of error in evaluating F. (1) The C® in 
the CO, of the gas phase changes somewhat during the fermentation. 
(2) The intracellular CO, may not be completely in equilibrium with the 


The results are expressed in per cent. 
| 
| 
! 
phase. 
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extracellular CO,. (3) The mechanism of fermentation may be such as 
to yield a C, precursor (or precursors) of acetate that has a concentration 
of C" that differs from that of the CO,. For example 


Glucose 


C, precursor of acetate 


f 


X + C, — X—C,; (X = enzyme or intermediate compound with which C, 
combines) 
xXx—C, + C, — X—C,;—C; 
x—C,—C, — X + C#H,-C*8OOH 


In this case the C” in the carbon used in synthesis of the acetate would 
not be equal to the C" of the gas phases but would be lower by an amount 
proportional to the rate of formation of C,; from glucose. Of course if 
the C"O, — C, reaction were rapidly reversible, the C" content of C, 
would approach the C" concentration of the CO, pool even if C; were 
formed from glucose. 

The effect of variation of F is illustrated in Table IX. The average F 
of Fermentation 21 was 0.212 (cf. Table III); the values on the lower line 
of Table [IX have been calculated on the basis that F = 0.150. It is seen 
that these values are not acceptable, since the total methyl is not as great 
as the amount of doubly labeled acid and thus C*H,;-COOH is calculated 
to be a negative value. With F = 0.18 the doubly labeled acid is still 
slightly greater than the total methyl and C*H,;-COOH is calculated to 
be —1.8. It is apparent that any major deviation of F from the value 
calculated on the basis of the average C" of the CO, would lead to serious 
discrepancies in the results. This is because any change in F affects D 
much more than it does the amount of methyl carbon that is calculated 
to originate from CO,; thus for values of F lower than 0.18 the value of 
D becomes greater than the total methyl from COQ,. 

The fact that there is good internal agreement of the experimental data 
of Table IX cannot be taken as a conclusive indication that the assump- 
tions made with respect to F are correct, since it can be shown that cer- 
tain mixtures of labeled acid will fit the observed data even though the 
C*" concentrations differ from the C" of the gas phase. For example, if 
63 per cent of the acetate were synthesized by a pathway in which the 
C" from CO, was diluted to 10.8 per cent in going to the methyl carbon 
and to 18.7 per cent in going to the carboxyl carbon, while the remaining 
37 per cent of the acetate was synthesized entirely from glucose, there 
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would be obtained, with Fermentation 21 for illustration, the values shown 
in Table X. 

Although a mixture containing the concentrations and species of acetate 
shown in Table X would approximate the observed spectrometer and deg- 
radation data, it seems unlikely that such a mixture would occur in the 
fermentation. The data presented in Section III show that a substantial 
amount of the carboxyl groups of acetate undergoes exchange with CO, 
during the fermentation, whereas the methyl group exchanges slowly if 
at all.‘ Therefore if any unlabeled acetate is formed from the sugar, it 
will undergo a subsequent exchange reaction with CO, and singly labeled 
acetate will result. It therefore seems reasonable to assume that any 
mixture that is to represent satisfactorily the events of the fermentation 
must contain a substantial amount of carboxyl-labeled acetate. An in- 


TaBLe X 
Illustrative Calculation for Fermentation 21 in Which C“ Concentration Is Assumed 
Not Equal to That of CO, 
é 


H,C%=C¥H, 0.108 0.187 0.63 | 0.01 0.01 X 0.37; 0.0127 1.55 
H,C%=C"¥H, (0.108 x 0.813 + 0.892 | 0.01 x 0.99 xX 2 | 0.1680 20.5 

X 0.187) X 0.63 xX 0.37 
H,C*%=C"H;, 0.813 X 0.892 X 0.63 | 0.99 x 0.99 x 0.37) 0.819 


(10.8 — 1.09) X 0.63 = 6.11, the average excess C" in methyl. (18.7 — 1.09) 
Xx 0.63 = 11.1, the average excess C™ in the carboxyl. 


teresting fact is observed when one attempts to derive such an artificial 
mixture which fits the experimental data of Fermentation 21 and also 
contains a substantial amount of carboxyl-labeled acid. It is found that 
both the methyl and carboxyl groups of the doubly labeled acid must 
contain a high concentration of C” in order to produce the i,C"=C"H, 
to H,C"==C""H,, value of 1.55 that was observed in Fermentation 21. This 
is logical, since a substantial part of the C" is used in making carboxyl- 
labeled acetate and therefore the remaining C" must combine in the double 
labeling process from a source with a high concentration of C" in order 
to give a high yield of C"-C" combinations. An example is given in Table 

* The exchange as measured in the presence of CH,-C'*OOH in Section III may 
not be completely representative of the fermentation of glucose, because in the 
former case a substantial amount of acetate was present from the very beginning, 
whereas with glucose alone the acetate accumulated as the fermentation proceeded. 
It is believed this may account for the quantitative difference between the C¥ and 
the C experiments. 
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XI. The exchange is estimated as 41.9 per cent (26.7/(26.7 + 37.1))100. | form 
It is seen, on comparison with the example of Table X, that, when the | exch 
carboxyl-labeled acid is increased from 0 to 26.7 per cent, the C” in the | and 
methyl of the doubly labeled acid must be increased from 10.8 to 18 per «ing! 
cent to meet the requirements of Fermentation 21. At the same time the is eq 
double labeling is reduced from 63 to 36.2 per cent. Other mixtures can | its ( 
be derived which fit the requirements of the data and the carboxyl exchange, It 
but in any case the values of F in the double labeling process must be high. | and 
In Tables X and XI all the C” of the methyl groups has been used in | esti 
doubly labeled combinations. If a substantial amount of the C” of the [| mas 
Taste XI to p 
Illustrative Calculation for Fermentation 21 in Which CH,-C"OOH Is Included in port 
Assumed Mizture acid 

Per 
| Clo: 
H:C'%=C"Hy 0.18 X 0.187 | 0.01 X 0.187 0.01 X 0.01 X 0.0127} 1.55 | frog 
xX 0.362 X 0.267 abu 

H,C'*=C""H; (082 xX 0.187 (0.01 XK 0813 0.01 K 0.99 K (0.1675 20.4 
+ 0.18 X + 0.187 x | 2x 0.371 Hit 
0.813) 0.99) X 0.267 
0.362 the 
082 xX 0813 | 099 XK 0813 0.99 0.99 0.822 cal 
x 0.362 x 0.27 (0.371 P det 

(18.0 — 1.09) X 0.362 = 6.12 average excess C" in the methyl. (18.7 — 1.09)x | H¢ 
(0.362 + 0.267) = 11.1 average excess C" in the carboxyl. 1 
methyl group were as singly labeled acid, C*H,-COOH, then the C* con- | ** 
centration of the source of the C"-C” combination would have to be 
higher than in the examples given. Since the C” concentration in these nd 
combinations is already approaching that of the CO,, it is apparent that 
it is not possible to have much of the C” of the methyl groups as singly a 
labeled acid. The data of Table IX conform with this conclusion. 

One obvious mechanism for formation of doubly labeled acid can ap- | *' 
parently be excluded; i.e., that the CO, is first fixed in the methyl group 96 
and that this methyl-labeled acid subsequently undergoes exchange in the ("1 
carboxyl group to form doubly labeled acid. In such a mechanism if ne 
there were 50 per cent exchange, 50 per cent of the C"H,;-COOH would lis 
remain as methyl-labeled acetate. Because of the low content of 

- C*H;-COOH it does not appear likely that this was the mechanism of CI 
formation of the doubly labeled acid. If the doubly labeled acetate is la 
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formed by a carboxyl exchange reaction, it is necessary to assume that the 
exchange occurs in a pool which is not in equilibrium with the acetate 
and that it is practically complete, thus converting practically all the 
singly labeled precursor to a doubly labeled precursor of acetate. This 
is equivalent to saying that the doubly labeled acetate must have acquired 
its C¥ prior to equilibration with the remainder of the acetate. 

It appears that the values assumed for F were approximately correct 
and that the calculated values given in Table IX are a fairly accurate 
estimate of the species of acids formed in the fermentation. Without the 
mass spectrometer analyses of the molecules it would not have been possible 
to prove conclusively the existence of C"-C™ combinations and, more im- 
portant, to have shown that a truly substantial amount of doubly labeled 
acid was formed from CO. 


The mechanism of the fixation of CO, in the fermentation of glucose by 
Clostridium thermoaceticum has been investigated by mass spectrometer 
analysis of the different molecular types of C"-acetate that are formed 
from C"O,. The acetate has been converted to ethylene and the relative 
abundance of H,C"==C"H, (mass = 30) and H.C"—C"H, (mass = 29) to 
H,C"=-C"H, (mass = 28) has been determined. From these abundance 
ratios the extent of the fixation of CO, in 2 adjacent carbon atoms in 
the acetate (double labeling) and fixation by single labeling have been 
calculated. The validity of the procedure has been demonstrated by 
determination of known mixtures of H,C"=—=C"H,, and 
HC*==C"H. 

It is definitely established that the acetate of the fermentation contains 
a substantial amount of C“H;-C"OOH, since the mass 30 of the ethylene 
was much greater than can be accounted for by any combination of singly 
labeled mixtures. Data from the chemical degradation of the acetate 
indicate that 30.2 to 36.8 per cent of the methyl group and 54.8 to 64.9 
per cent of the carboxyl groups were derived from COQ». 

Calculations from the mass analysis and degradation data, together with 
a consideration of data bearing on mechanisms, indicate that the acetate 
of the fermentations of glucose was of the following per cent composition : 
26.5 to 31.8, C8H;-C"OOH; 2.3 to 5.0, C"H,;-C"OOH; 26.7 to 33.1, 
C"®H,-C"OOH; and 30.1 to 42.0, C"H,;-C"OOH. The occurrence of ace- 
tate labeled only in the methyl group is not considered definitely estab- 
lished 


Acetate is not a stable end-product of this fermentation. When 
CH,-C“OOH was added to a glucose fermentation in equilibrium with a 
large volume of unlabeled CO,, 55.6 per cent of the C™ entered the CO, 
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pool. This mobilization of the carboxyl group appears to have occurred 
by an exchange reaction; i.c., without equivalent net breakdown of the 
acetate. C“H;-COOH under similar conditions does not react rapidly; 
only 14 per cent entered the CO, pool. In the turnover of CH;-C“OOH 
there was no indication that the carboxyl group was transformed to 4 
methyl group by pathways other than CO, fixation. 

The data indicate that acetate was formed by two processes during 
the fermentation, one a synthesis of both carbons from CO, with little or 
no dilution, the other formation of acetate from glucose probably without 
fixation of CO,. The major part of the singly labeled acid is probably 
formed by an exchange reaction of CO, with the carboxy] of acetate. The 
possible réle of formaldehyde, glycine, and C,-dicarboxylic acids in the 
fermentation has been considered, but the experimental results are incon- 
clusive. The mechanism of the fixation of CO, in 2 adjacent carbons is 
at present unknown, but it does not necessarily involve direct combination 
of CO,. 


The authors wish to express their sincere thanks to Dr. Robert E. Eckel 
and Dr. Merton F. Utter for many valuable discussions of the interpreta- 
tion of the data. 


1. Fontaine, F. E., Peterson, W. H., MeCoy, E., and Johnson, M. J., J. Bact., @, 
701 (1942). 
. Barker, H. A., and Kamen, M. D., Proc. Nat. Acad. Se., 31, 219 (1945). 
. Calvin, M., Heidelberger, C., Reid, J. C., Tolbert, B. M., and Yankwich, P. E., 
Isotopic carbon, New York (1949). 
Cramer, R. D., and Kistiakowsky, G. B., J. Biol. Chem., 137, 549 (1941). 
. Stahly, G. L., Osburn, O. L., and Werkman, C. H., Analyst, 58, 319 (1934). 
. Nystrom, R. F., and Brown, W. G., J. Am. Chem. Soc., 6, 1197 (1947). 
Kiister, W., and Maaga, W., Z. physiol. Chem., 127, 190 (1923). 
. Nier, A. O., Rev. Scient. Instruments, 18, 398 (1947). 
. Stevenson, D. P., J. Chem. Phys., 19, 17 (1951). 
. Osburn, O. L., Wood, H. G., and Werkman, C. H., Ind. and Eng. Chem., Anal 
Ed., 6, 247 (1933). 
11. Osburn, O. L., Wood, H. G., and Werkman, C. H., Ind. and Eng. Chem., Anal. 
Ed., 8, 270 (1936). 
12. Mach, F., and Herrmann, R., Z. anal. Chem., 68, 417 (1923). 
13. Smiley, W. G., Nuclear Sc. Abstr., 3, 391 (1949). 
14. Barker, H. A., Proc. Nat. Acad. Se., 31, 219 (1945). 
15. Utter, M. F., and Wood, H. G., Advances in Enzymol., 12, 41 (1951). 
16. Wood, H. G., Physiol. Rev., 26, 198 (1946). 
17. Ochoa, 8., Physiol. Rev., 31, 56 (1951). 
18. Wood, H. G., Lifson, N., and Lorber, V., J. Biol. Chem., 158, 475 (1945). 
19. Sakami, W., J. Biol. Chem., 176, 995 (1948). 


bo 


BIBLIOGRAPHY 


H. G. WooD 931 


I., and Lafaye, J., Proc. Soc. Exp. Biol. and Med., 74, 620 (1950). 
, F. W., J. Am. Chem. Soc., 72, 5326 (1950). 

, H. G., and Werkman, C. H., J. Bact., 9, 652 (1935). 

., J. Am. Chem. Soe., 73, 2074 (1951). 

., Ind. and Eng. Chem. Anal. Ed., 6, 91 (1933). 

.. J. Biol. Chem., 178, 529 (1949). 


is 
ion 
3, 
_| 
M 


| 
| 
| 


INDEX TO AUTHORS 


A 


Abdou, Ismail A., Reinhardt, W. O., 
and Tarver, Harold. Plasma protein. 
Ill. The equilibrium between blood 
and lymph protein, 15 

Andrews, Mona M., Guthneck, Barbara 
Tait, McBride, B. H., and Schweigert. 
B.S. Stability of certain respiratory 
and glycolytic enzyme systems in ani- 
mal tissues, 715 

Anker, H. S. On the mechanism of fatty 
acid synthesis in vivo, 177 

Awapara, Jorge, and Seale, Billie. Dis- 
tribution of transaminases in rat or- 
gans, 497 

Axelrod, Julius. See Brodie, Azelrod, 
and Reichenthal, 215 


Bachtold, John G., and Gebhardt, Louis 
P. The determination of hyaluroni- 
dase activity as derived from its reac- 
tion kinetics, 635 

Baker, N., Chaikoff, I. L., and Schusdek, 
A. Effect of fructose on lipogenesis 
from lactate and acetate in diabetic 
liver, 435 

Bakerman, Howard A. See Silverman, 
Gardiner, and Bakerman, 815 

Balls, A. KK. See Jansen and Balls, 

721 


Baltes, Bernard J., Elliott, William H., 
Doisy, E. A., Jr., and Doisy, Edward 
A. Biochemical studies of hexahydro- 
benzoic acid and hexahydrophenylal. 
anine, 627 

Banerjee, Sachchidananda, and Deb, 
Chandicharan. Urinary excretion of 
17-ketosteroids in scurvy, 575 

Bellin, Stuart A., and Steenbock, Harry. 
Vitamin D and citraturia, 311 

Ben-Ishai, Ruth. See Bergmann, Ben. 
Ishai, and Volcani, 531 

—. See Bergmann, Volcani, and Ben. 
I shai, 521 

Bergmann, Ernst D., Ben-Ishai, Ruth, 
and Volcani, Benjamin E. Rodle of 4- 


aminoimidazole-5-carboxamide in the 
purine synthesis by Escherichia coli, 
531 
—, Volcani, Benjamin E., and Ben-Ishai, 
Ruth. Effect of methyl donors on 4- 
aminoimidazole-5-carboxamide in Es- 
cherichia coli, 521 
Binkley, Francis, Christensen, Gerald 
M., and Jensen, Wallace N. Pyri- 
doxine and the transfer of sulfur, 
109 
Birnbaum, Sanford M., Levintow, Leon, 
Kingsley, Rembert B., and Green- 
stein, Jesse P. Specificity of amino 
acid acylases, 455 
Bloom, B. See Chaikoff, Bloom, Siper- 
stein, Kiyasu, Reinhardt, Dauben, and 
Eastham, 407 
Bonner, David M. See Partridge, Bon- 
ner, and Yanofsky, 269 
Bradlow, H.L. See Chaikoff, Siperstein, 
Dauben, Bradlow, Eastham, Tomkins, 


Meier, Chen, Hotta, and Srere, 413 
Brewer, Carl R. See Duilberg, Roessler, 
Sanders, and Brewer, 199 
—. See Roessler, Sanders, ae 
and Brewer, 
Briggs, F. N. See Taurog, Briggs, on 
Chatkoff, 


Brodie, Bernard B., Axelrod, Julius, hee 
Reichenthal, Jules. Metabolism of 
theophylline (1,3-dimethylxanthine) 
in man, 215 

Brown, Kenneth D., Jacobs, Gerson, and 
Laskowski, M. The distribution of 
nucleodepolymerases in calf thymus 
fractions, 445 

Bryson, Melvin J. See Reiser, Bryson, 
Carr, and Kuiken, 131 

Burr, William W., Jr. See Rose, Burr, 
and Sallach, 321 

Butler, G. C. See Packham and Butler, 


349 

Cc 
Carr, Mary Joyce. See Reiser. Bryson, 
Carr, and Kuiken, 131 


| 
| 
B | 
| 
| 
| 
| 
933 


934 


Cerceo, Emily. See Pearlman and 
Cerceo, 
Chaikoff, I. L., Bloom, B., Siperstein, 
M. D., Kiyasu, J. Y., Reinhardt, W. 
O., Dauben, W. G., and Eastham, J. F. 
C'*-Cholesterol. 
port of absorbed cholesterol-4-C", 
407 
—, Siperstein, M. D., Dauben, W. G., 
Bradlow, H. L., Eastham, J. F., Tom- 
kins, G. M., Meier, J. R., Chen, R. W., 
Hotta, S., and Srere, Paul A. C'*- 
Cholesterol. II. Oxidation of carbons 
4 and 26 to carbon dioxide by the intact 
rat, 413 
—. See Baker, Chaikoff, and Schusdek, 
435 


—. See Taurog, Briggs, and Chaikoff, 


Chance, Britton. The effect of pH upon 
the equilibria of catalase compounds, 
483 

—. Effect of pH upon the reaction 


kinetics of the enzyme-substrate com- — 
471 


pounds of catalase, 
Chen, R. W. See Chaikoff, Siperstein, 
Dauben, Bradlow, Eastham, Tomkins, 
Meier, Chen, Hotta, and Srere, 413 
Christensen, Gerald M. See Binkley, 
Christensen, and Jensen, 109 
Christensen, Halvor N., and Riggs, 
Thomas R. Concentrative uptake of 
amino acids by the Ehrlich mouse 
ascites carcinoma cell, 57 
—, Riggs, Thomas R., and Ray, Nancy 
E. Concentrative uptake of amino 


acids by erythrocytes in vitro, 41 |. 


—. See Riggs, Christensen, and Palatine, 
53 

Ciotti, Margaret M. See Kaplan, Colo- 
wick, and Ciotti, 579 
Colowick, Sidney P. See Kaplan, Colo- 
wick, and Ciotti, 579 
—. See Pullman, Colowick, and Kaplan, 
593 

Colton, Frank B., and Kendall, Edward 


C. Steroids derived from bile acids. | 


I. Lymphatic trans- 


XIV. Halogen and other derivatives | 


of a S"*-pregnene, 247 


| Colton, Frank B., Nes, William R., Van 


Dorp, David A., Mason, Harold L., 
and Kendall, Edward C. Steroids de. 
rived from bile acids. XIII. Introdue. 
tion of the 17-hydroxyl group in the 
partial synthesis of cortisone, 235 
Conn, Eric E., Kraemer, L. M., Liu, Pei- 
Nan, and Vennesland, Birgit. The 
aerobic oxidation of reduced triphos. 
phopyridine nucleotide by a wheat 


germ enzyme system, 143 
Cooper, Jack R. See Udenfriend and 
Cooper, 508 


Cori, Osvaldo, and Lipmann, Fritz. The 
primary oxidation product of enzy- 
matic glucose-6-phosphate oxidation, 

417 


Dauben, W. G. See Chaikoff, Bloom, 
Siperstein, Kiyasu, Reinhardt, Dauben, 
and Eastham, 407 

—. See Chaikoff, Siperstein, Dauben, 
Bradlow, Eastham, Tomkins, Meier, 
Chen, Hotta, and Srere, 413 

Davidson, Harold M. See _ Reithel, 
Horowitz, Davidson, and Kittinger, 

839 

Deb, Chandicharan. See Banerjee and 
Deb, 575 

Di Carlo, Frederick J., Schultz, Alfred 
S., and Kent, Adrienne M. Cytosine 
antagonism in yeast by diazobarbi- 
turic anhydride, 769 

Dietrich, L. S., Monson, W. J., Gwoh, 
Helen, and Elvehjem, C. A. Determi- 
nation of folic acid and citrovorum fac- 
tor in animal tissue, 549 

DiLuzio, N. R. See Zilversmit and Di- 
Luzio, 673 

Djerassi, Carl, Rosenkranz, G., Pataki, 
J.. and Kaufmann, S._ Steroids. 
XXVIII. Synthesis of allopregnane- 
38,118,17a,208,21-pentol from corti- 
sone and diosgenin, 115 


Doisy, E. A., Jr. See Baltes, Elliott, 
Doisy, and Doisy, 627 
Doisy, Edward A. See Baltes, Elliott, 
Doisy, and Doisy, 627 


INDEX 
Do. 
St 
Dul 
le 
p 
B 
Eas 
S 
| 
= 
655 | D 
E 
Fa 
| Fe 
Fr 
| F 
| 
| 
| 
| 


AUTHORS 


Dolin, M. I. 
Struglia, 


See Gunsalus, Dolin, and | 
849 


Dulberg, Jasper, Roessler, William G., 
Sanders, Troy H., and Brewer, Carl R. | 
lon exchange and paper chromatogra- | 


phy of phosphorylated hexose esters, 


Eastham, J. F. See Chaikoff, Bloom, 
Siperstein, Kiyasu, Reinhardt, Dauben, 
and Eastham, 407 

—. See Chaikoff, Siperstein, Dauben, 
Bradlow, Eastham, Tomkins, Meier, 
Chen, Hotta, and Srere, 413 

Elliott, William H. See Baltes, Elliott, 
Doisy, and Doisy, 627 

Elvehjem, C. A. See Dietrich, Monson, 
Gwoh, and Elvehjem, 

—. See Lewis, Tappan, and Elvehjem, 

539 

—. See Taborda, Taborda, Williams, and 

Elvehjem, 227 
F 


Fahl, James C. See Rosenthal, Fahl, and 


Follis, Richard H., Jr. The inorganic | 


composition of the human rib with and 
without marrow elements, 223 
Fosdick, L. S. See Piez, Tooper, and 
Fosdick, 669 
Freiberger, I. See Wilson, Levine, and 
Freiberger, 613 
Fruton, Joseph S. See Jalian, Jones. 
and Fruton, 793 


G 


Gardiner, Rita C. See Silverman, Gardi- 
ner, and Bakerman, 815 
Gebhardt, Louis P. See Bachtold and 
Gebhardt, 635 
Gest, Howard, and Lampen, J.O. Fer- 
mentation of 1-C'-p-xylose by Lacto- 
bacillus pentosus, 555 
Gibbs, Martin. See Gunsalus and Gibbs, 
871 


935 


Greenberg, David M. See Kit and 
Greenberg, 377 
—. See Peterson and Greenberg, 359 
Greenstein, Jesse P. See Birnbaum, Le- 
vintow, Kingsley, and Greenstein, 
455 
Greif, Roger L. Colorimetric determi- 
nation of hyaluronidase activity, 
619 


- Gunsalus, I. C., Dolin, M. I., and Stru- 


glia, Lena. Pyruvic acid metabolism. 
III. A manometric assay for pyruvate 
oxidation factor, 849 
— and Gibbs, Martin. The heterolactic 
fermentation. II. Position of C™ in 
the products of glucose dissimilation 
by Leuconostoc mesenteroides, 871 
—, Struglia, Lena, and O’Kane, D. J. 
Pyruvie acid metabolism. IV. Occur- 
rence, properties, and partial purifica- 
tion of pyruvate oxidation factor, 
859 
Guthneck, Barbara Tait. See Andrews, 
Guthneck, McBride, and Schweigert, 
715 
Gwoh, Helen. See Dietrich, Monson, 


Gwoh, and Elvehjem, 
H 
Harris, Dora Lee. See Wood, 905 


Harrold, C. E., and Fling, Marguerite. 
Two mutants of Neurospora crassa 
which utilize formate or formaldehyde 
for growth, 399 

Hastings, A. Baird, Teng, Ching-Tseng, 
Nesbett, Frances B., and Sinex, F. 
Marott. Studies on carbohydrate me- 
tabolism in rat liver slices. I. The 
effect of cations in the media, 69 

Haugaard, Niels, and Marsh, Julian B. 
Effect of insulin on the metabolism of 
adipose tissue from normal rats, 33 

Hayaishi, Osamu. See Tabor and Hayai- 
shi, 171 

Hecht, Liselotte. See Novikoff, Hecht, 
Podber, and Ryan, 153 

Heftmann, Erich, and Levant, Alma J. 
Paper chromatography of cardiac gly- 
cosides, aglycones, and acetates, 

703 


Van 
de. 
uc. 
the 
25 
199 
--, See Roessler, Sanders, Dulberg, and 
0s- Brewer, 207 
Pat E 
143 
ind 
y- 
mn. 
17 
3 
l, 
Vars, 299 
Fling, Marguerite. See Harrold and 
Fling, 399 

| 


936 INDEX 


Hills, A. Gorman, and Stadie, William 
C. The effect of combined insulin 
upon the metabolism of the lactating 
mammary gland of the rat, 25 

Hoberman, Henry D., and Stone, David. 
On the metabolism of glycylglycine, 

383 


Hogeboom, George H., and Schneider, 
WalterC. Cytochemical studies. IV. 
Physical state of certain respiratory 
enzymes of mitochondria, 513 

Horecker, B. L. See Seegmiller and Ho- 
recker, 261 

Horowitz, M. G. See Reithel, Horowitz, 
Davidson, and Kittinger, 839 

Hotta, S. See Chaikoff, Siperstein, Dau- 
ben, Bradlow, Eastham, Tomkins, 
Meier, Chen, Hotta, and Srere, 413 

Hsu, Jeng Mein. See Stern, Hsu, and 


McGinnis, 191 

J 
Jacobs, Gerson. See Brown, Jacobs, and 
Laskowski 445 


Jansen, Eugene F., and Balls, A. K. 
The inhibition of B- and y-chymotryp- 
sin and trypsin by diisopropyl! fluoro- 
phosphate, 721 

Jensen, Wallace N. See Binkley, Christ- 
ensen, and Jensen, 109 

Jones, Mary Ellen. See Tallan, Jones, 
and Fruton, 793 

Junqueira, L. C. U. See Rabinovitch, 
Rothschild, and J unqueira, 835 


Kaplan, Nathan O., Colowick, Sidney 
P., and Ciotti, Margaret M. Enzy- 
matic deamination of adenosine de- 
rivatives, 579 

—. See Pullman, Colowick, and Kaplan, 

593 


Kaufmann, S. See Dyerassi, Rosen- 


kranz, Pataki, and Kaufmann, 115 


Kearney, Edna B. The interaction of 
yeast flavokinase with riboflavin ana- 


logues, 747 
Kendall, Edward C. See Colton and 
Kendall, 247 
—, See Colton, Nes, Van Dorp, Mason, 
and Kendall, 235 


Kent, Adrienne M. See Di Carlo, 
Schultz, and Kent, 769 


Kingsley, Rembert B. See Birnbaum, 
Levintow, Kingsley, and Greenstein, 


455 

Kit, Saul, and Greenberg, David M. In- 
corporation of isotopic threonine and 
valine into the protein of rat liver 


particles, 377 
Kittinger, G. W. See Reithel, Horowitz, 
Davidson, and Kittinger, 839 


Kiyasu, J. Y. See Chaikoff, Bloom, 
Siperstein, Kiyasu, Reinhardt, Dauben, 
and Eastham, 407 

Koch, F. C. See Walaszek-Piotrowski 
and Koch, 427 

Koeppe, Roger E. See Rose, Koeppe, 
and Sallach, 317 

Kozloff, Lloyd M. Biochemical studies 
of virus’ reproduction. VI. The 
breakdown of bacteriophage 

83 


—. VII. The appearance of parent 
nitrogen and phosphorus in_ the 
progeny, 95 

Kraemer, L. M. See Conn, Kraemer, 
Liu, and Vennesland, 143 

Kuiken, K. A. See Reiser, Bryson, Carr, 
and Kuiken, 131 

Kun, Ernest. A study on the metabo- 
lism of glyoxal in vitro, 603 


L 


Lampen, J. O. See Gest and Lampen, 
555 

—. See Wang and Lampen, 775, 785 
Lansford, Edwin M.., Jr., and Shive, Wil- 
liam. The microbiological activity of 
N-(pL-pantony])-8-alanine, 329 
Laskowski, M. See Brown, Jacobs, and 
Laskowski, 445 
LaVine, Alvin J. See Colton, Nes, Van 
Dorp, Mason, and Kendall, 235 
Lehninger, Albert L. See Rall and Lehn- 
inger, 119 
Levant, Alma J. See Heftmann and 
Levant, 703 
Levine, Sumner. See Wilson, Levine, 
and Freiberger, 613 
Levintow, Leon. See Birnbaum, Levin- 
tow, Kingsley, and Greenstein, 455 


AUTHORS 


Lewis, U. J., Tappan, D. V., and Elve- 
hjem, C. A. A new and biologically 
different form of vitamin By, 539 

Lipmann, Fritz. See Cori and Lipmann, 

417 

Liu, Pei-Nan. See Conn, Kraemer, Liu, 
and Vennesland, 143 

Luck, J. Murray. See Teresi and Luck, 

823 


Marsh, Julian B. See Haugaard and 
Marsh, 33 
Martin, Richard G. See McConnell and 
Martin, 183 
Mason, Harold L. See Colton, Nes, Van 
Dorp, Mason, and Kendall, 235 
McBride, B. H. See Andrews, Guthneck, 
McBride, and Schweigert, 715 
McConnell, Kenneth P., and Martin, 
Richard G. Biliary excretion of sele- 
nium in the dog after administration 
of sodium selenate containing radio- 


selenium, 183 
McGinnis, James. Sce Stern, Hsu, and 
McGinnis, 191 


Meier, J. R. See Chaikoff, Siperstein, 
Dauben, Bradlow, Eastham, Tomkins, 
Meier, Chen, Hotta, and Srere, 413 

Monson, W. J. See Dietrich, Monson, 


Gwoh, and Elvehjem, 49 
N 

Nes, William R. See Colton, Nes, Van 

Dorp, Mason, and Kendall, 235 


Nesbett, Frances B. See Hastings, Teng, 
Nesbett, and Sinez, 69 

Neurath, Hans. See Tietze and Neurath, 
1 

Novack, Beatrice G. See Rosenthal, 
Fahl, and Vars, 299 

Novikoff, Alex B., Hecht, Liselotte, 
Podber, Estelle, and Ryan, Jean. 

Phosphatases of rat liver. I. The 

dephosphorylation of adenosinetri- 


phosphate, * 153 
O 

O’Kane, D. J. See Gunsalus, Struglia, 

and O’ Kane, 859 


Okey, Ruth. See T'olbert and Okey, 


785, 


937 


P 


Packham, Marian A., and Butler, G. C. 
Studies of the biological synthesis of 
glucuronides, 349 

Palatine, Irene M. See Christensen and 
Riggs, 57 

—. See Riggs, Christensen, and Pala- 
tine, 53 

Park, James T. Uridine-5’-pyrophos- 
phate derivatives. I. Isolation from 
Staphylococcus aureus, 877 

—. II. A structure common to three 
derivatives, 885 

—. III. Amino acid-containing deriv- 
atives, 897 

Partridge, C. W. H., Bonner, David M., 
and Yanofsky, Charles. A quantita- 
tive study of the relationship between 
tryptophan and niacin in Neurospora, 


269 
Pataki, J. See Djerassi, Rosenkranz, 
Pataki, and Kaufmann, 115 


Pearlman, W. H., and Cerceo, Emily. 
The isolation of C» steroids from hu- 
man placenta, 807 

Peterson, Elbert A., and Greenberg, 
David M. Characteristics of the 
amino acid-incorporating system ten 
liver homogenates, 

Piez, K. A., Tooper, E. B., and mestids 
L. S. Desalting of amino acid solu- 


tions by ion exchange, 669 
Podber, Estelle. See Novikoff, 
Podber, and Ryan, 


Potter, Van R., and Reif, Arnold E. ~ 
hibition of an electron transport com- 


ponent by antimycin A, 287 
Pringle, Anna. See Woolley and Pringle, 
729 


Pullman, Maynard E., Colowick, Sidney 
P., and Kaplan, Nathan O. Compari- 
son of diphosphopyridine nucleotide 
with its deaminated derivatives in var- 
ious enzyme systems, 593 


Rabinovitch, M., Rothschild, H. A., and 
Junqueira, L. C. U. Nucleic acid 
phosphorus in submaxillary glands of 
mice after duct ligation, 835 


| 
| 
| 
| 
| 


938 


Rafn, Marcia L. See Christensen and | Rosenthal, Otto, Fahl, James C., and 


Riggs, 


57 
Rall, Theodore W., and Lehninger, Al- — 

bert L. Glutathione reductase of ani- | 
119 Rothschild, H. A. See Rabinoviteh, 


mal tissues, 

Ray, Nancy E. See Christensen and — 
Riggs, 57 
—. See Christensen, Riggs, and Ray, | 

41 
Reichenthal, Jules. See Brodie, Arel- 
rod, and Reichenthal, 215 


Reif, Arnold E. See Potter and Reif, 
287 
Reinhardt, W. O. See Abdou, Rein- 


hardt, and Tarver, 15 


—. See Chatkoff, Bloom, Siperstein, Ki- | 


yasu, Reinhardt, Dauben, and Eastham, 


407 
- Schneider, John J. Further isolation of 


Reiser, Raymond, Bryson, Melvin J., 
Carr, Mary Joyce, and Kuiken, K. A. 
The intestinal absorption of triglycer- 
ides, 131 


Reithel, F. J., Horowitz, M. G., David- 


son, Harold M., and Kittinger, G. W. 


Formation of lactose in homogenates | 


of mammary gland, 


839 


Vars, Harry M. Response of alkaline 
phosphatase of rat liver to protein de- 
pletion and inanition, 209 


Rothschild, and Junqueira, 835 
Ryan, Jean. See Novikoff, Hecht, Pod- 
ber, and Ryan, : 153 


Sallach, H. James. See Rose, Burr, and 
Sallach, 321 
—. See Rose, Koeppe, and Sallach, 
317 
Sanders, Troy H. See Dulberg, Roess- 
ler, Sanders, and Brewer, 199 
—. See Roessler, Sanders, Dulberg, and 
Brewer, 207 


adrenocortical compounds from male 


urine, 337 
Schneider, Walter C. See Hageboom and 
Schneider, 513 

- Schultz, Alfred S. See Di Carlo, Schultz, 
and Kent, 769 
Schusdek, A. See Baker, Chaikoff, and 
Schusdek , 435 


Riggs, Thomas R., Christensen, Halvor | 
N., and Palatine, Irene M. Concen- | 
trating activity of reticulocytes for | 
glycine, 53 


—. See Christensen and Riggs, 57 


—. See Christensen, Riggs, and Ray, 
41 
Roberts, Martin, and Visser, Donald W. 
Antimetabolite activity of uridine and 
cytidine derivatives, 695 
Roessler, William G., Sanders, Troy H., 
Dulberg, Jasper, and Brewer, Carl R. 
Anaerobic glycolysis by enzyme prepa- 
rations of Brucella suis, 207 
—. See Dulberg, Roessler, Sanders, and 
Brewer, 199 
Rose, William C., Burr, William W., Jr., 
and Sallach, H. James. Growth on 
diets devoid of glycine, serine, and 
cystine, and low in choline, 321 
—, Koeppe, Roger E., and Sallach, H. 
James. The threonine requirement 
for growth, 317 
Rosenkranz, G. See Djerassi, Rosen- 
kranz, Pataki, and Kaufmann, 115 


Schwartz, Morton A., and Williams, J. 
N., Jr. A study of the relation be- 
tween folic acid and tissue ascorbic 
acid, 711 

Schwartz, Samuel, and Wikoff, Howard 
M. The relation of erythrocyte co- 
proporphyrin and protoporphyrin to 
erythropoiesis, 563 

Schweigert, B. S. See Andrews, Guth- 
neck, McBride, and Schweigert, 715 

Seale, Billie. See Awapara and Seale, 

497 

ller, J. E., and Horecker, B. L. 
Metabolism of 6-phosphogluconie acid 
in liver and bone marrow, 261 

Shaw, Elliott, and Woolley, D. W. Imi- 
dazo-1,2,3-triazines as substrates and 
inhibitors for xanthine oxidase, 641 


| Shive, William. See Lansford and Shire, 


329 

Silverman, Milton, Gardiner, Rita C.., 
and Bakerman, Howard A. The na- 
ture of the glutamic acid excreted in 
folic acid deficiency, 815 


T 


T 


INDEX 
S 
St 
St 
St 
St 
T 
T 


BREF 


AUTHORS 


Sinex, F. Marott. See Hastings, Teng, 
Nesbett, and Siner, 69 


Siperstein, M. D. See Chaikoff, Bloom, | 


Siperstein, Kiyasu, Reinhardt, Dauben, 
and Eastham, 407 
—. See Chaikoff, Siperstein, Dauben, 
Bradlow, Eastham, Tomkins, Meier, 
Chen, Hotta, and Srere, 
Sokal, Joseph E. A glycogenolytic fac- 
tor. I. Effect of liver extract on gly- 
cogen stores of rats, 


| 


| 


413 


Srere, Paul A. See Chaikoff, Siperstein, — 


Dauben, Bradlow, Eastham, Tomkins, 
Meier, Chen, Hotta, and Srere, 413 
Stadie, William C. See Hills and Siadie, 
25 
Steenbock, Harry. See Bellin and Steen- 
bock, 311 
Stern, Joel R.. Hsu, Jeng Mein, and 
McGinnis, James. Vitamin B,, and 
hemoglobin regeneration in the chick, 
191 
Stone, David. See Hoberman and Stone, 
383 
Struglia, Lena. See Gunsalus, Dolin, 
and Struglia, 849 


—. See Gunsalus, Struglia, and O’ Kane, | 


Taurog, Alvin, Briggs, F. N., and Chai- 
koff, I. L. I-labeled 1-thyroxine. 
II. Nature of the excretion product in 


bile, 655 
Teng, Ching-Tseng. See Hastings, 
Teng, Nesbett, and Sinez, 69 


Teresi, J. D., and Luck, J. Murray. The 
combination of organic anions with 
serum albumin. VIII. Fatty acid 
salts, 823 

Tietze, Frank, and Neurath, Hans. 
Light scattering studies on insulin. 
The minimum molecular weight . 
insulin, 


Tolbert, Marian E., and Okey, 


Swanson, Marjorie A. Phosphatases of 
the liver. IIL. ‘‘Neutral’’ pyrophos- 
phatase, 685 


T 


Tabor, Herbert, and Hayaishi, Osamu. 
The enzymatic conversion of histidine 
to glutamic acid, 171 

Taborda, Armando R., Taborda, Laura 
C., Williams, J. N., Jr., and Elvehjem, 


C. A. A study of the ribonuclease ac- | 
27 


tivity of snake venoms, 


| 


Taborda, Laura C. See Taborda, Ta- | 


borda, Williams, and Elvehjem, 
Tallan, Harris H., Jones, Mary Ellen, 
and Fruton, Joseph S. On the proteo- 
lytie enzymes of animal tissues. X. 
Beef spleen cathepsin C, 793 
Tappan, D. V. See Lewis, Tappan, = 
Elvehjem, 
Tarver, Harold. See Abdou, Reiaherds, 


and Tarver, 15 , 


| Bergmann, Volcani, and Ben- 


The relative rates of renewal of cho- 
line and phosphate in liver phospholip- 
ide in the rat, 755 
Tomkins, G. M. See Chaikoff, Siper- 
stein, Dauben, Bradlow, Eastham, Tom- 
kins, Meier, Chen, Hotta, and Srere, 
413 
Tooper, E. B. See Piez, Tooper, and 
Fosdick, 669 


U 


Udenfriend, Sidney, and Cooper, Jack 
R. The enzymatic conversion of 
phenylalanine to tyrosine, 503 


Vv 


Van Dorp, David A. See Colton, Nes, 
Van Dorp, Mason, and Kendall, 235 
Vars, Harry M. See Rosenthal, Fahl, and 
Vars, 299 
Vennesland, Birgit. See Conn, Kraemer, 


Liu, and Vennesland, 143 
Visser, Donald W. See Roberts and 
Visser, 695 


Volcani, Benjamin E. See Bergmann, 
Ben-Ishai, and Volcani, 531 


Ishai, 521 


Ww 
Walaszek-Piotrowski, L. J., and Koch, 
F.C. A simple method for the deter- 
mination of iodine in the chick thy- 
roid, 427 


939 
| 


940 INDEX 


Wang, T. P., and Lampen, J.O. Metab- 
olism of pyrimidines by a soil bac- 
terium, 775 

-~ and —. Uracil oxidase and the iso- 
lation of barbituric acid from uracil 
oxidation, 785 

Wikoff, Howard M. See Schwartz and 
Wikoff, 563 

Williams, J. N., Jr. Intracellular dis- 
tribution of choline oxidase, 139 

—, See Schwartz and Williams, 711 

—. See Taborda, Taborda, Williams, and 
Elvehjem, 227 

Wilson, Irwin B., Levine, Sumner, and 
Freiberger, I. Effects of electrical 
charge upon the activity of liver es- 
teruse, 613 

Wood, Harland G. A study of carbon 
dioxide fixation by mass determination 
of the types of C'-acetate, 905 


Woolley, D. W., and Pringle, Anna. Re. 
lationship of chemical structure to an- 
tibacterial activity among analogues 


of dimethyldiaminobenzene, 729 
—. See Shaw and Woolley, 641 
Y 


Yanofsky, Charles. Tryptophan des- 
molase of Neurospora. Partial purifi- 
cation and properties, 279 

—. See Partridge, Bonner, and Yanofsky, 

269 


Zerbe, Joan W. See Rosenthal, Fahi, 
and Vars, 299 
Zilversmit, D. B., and DiLuzio, N. R. 
Synthesis of phospholipides in dia- 
betic dogs, 673 


= 


L 
= 
Ad 

| 
Al 
A 
A 


ao? 


INDEX TO SUBJECTS 


A 


Acetate(s): Carbon 13 determination, 
carbon dioxide fixation, use in 


Liver lipogenesis, diabetes, fructose ef- 
fect, Baker, Chaikoff, and Schusdek, 

435 

Acylase: Amino acid. See Amino acid 

acylase 

Adenosine: Derivatives, enzymatic de- 

Kaplan, Colowick , and Ci- 

579 

Dephosphoryla- 

tion, liver, Novikoff, Hecht, Podber, 


and Ryan, | 153 
Adipose tissue: Metabolism, insulin ef- 
fect, Haugaard and Marsh, 33 


Adrenocortical compound(s): Urine, iso- 
lation, Schneider, 337 
Aglycone(s): Cardiac, 
Heftmann and Levant, 
Alanine: N 
logical activity, Lansford and Shive, 
329 
Albumin: Blood serum, fatty acid salts, 
combination, Teresi and Luck, 823 
— —, organic anions, combination, 
Teresi and Luck, 823 
Allopregnane-3 , 17a , 208, 21-pentol : 
Synthesis from cortisone and dios- 
genin, Djerassi, Rosenkranz, Pataki, 
and Kaufmann, 115 
Amino acid(s): -Containing uridine-5’- 
pyrophosphate derivatives, Park, 


897 

-Incorporating system, liver, Peterson 
and Greenberg, 359 
Solutions, desalting, ion exchange, 
Piez, Tooper, and Fosdick, 669 
Uptake, ascites carcinoma cell, Christ- 
ensen and Riggs, 57 
—, in vitro, blood cell, red, Christen- 
om, Riggs, and Ray, 41 


Amino acid acylase(s) : Birnbaum, Levin- 
tow, Kingsley,and Greenstein, 455 


Aminoimidazole-5-carboxamide: 4-, Es- 
cherichia coli, methyl donors, effect, 
Bergmann, Volcani, and Ben-I shai, 

521 

—, purine synthesis by Escherichia 
coli, réle, Bergmann, Ben-Ishai, and 
Volecani, 531 

Antimycin: A, electron transport com- 
ponent, inhibition, Potter and Reif, 


287 
Ascites: Carcinoma cell, amino acid up- 
take, Christensen and Riggs, 57 


Ascorbic acid: Tissue, folic acid, rela- 
tion, Schwartz and Williams, 711 


Bacillus: See also Lactobacillus 
Bacteria: Soil. See Soil bacterium 
See also Brucella, Escherichia, Leuco- 
nostoc, Staphylococcus 
Bacteriophage: T,r*, breakdown, Koz- 


loff, 83 
Barbituric acid: Isolation, uracil oxida- 
tion, Wang and Lampen, 785 


Barbituric anhydride: Diazo-. See Di- 
azobarbituric anhydride 
Benzene: Dimethyldiamino-. See Di- 
methyldiaminobenzene 
Benzoic acid: Hexahydro-. See Hexa- 
hydrophenylalanine 
Bile: Selenium excretion, sodium selenate 
containing radioselenium, adminis- 
tration, McConnell and Martin, 
183 
L-Thyroxine, iodine 131-labeled, ex- 
cretion product, Taurog, Briggs, 
and Chaikof, 655 
Bile acid(s): Steroids, Colton, Nes, Van 
Dorp, Mason, and Kendall, 235 
Colton and Kendall, 247 
Blood: Lymph and, protein equilibrium, 
Abdou, Reinhardt, and Tarver, 15 
Blood cell(s): Red, amino acid uptake 
in vitro, Christensen, Riggs, and Ray, 
41 


--, coproporphyrin and protopor- 
phyrin, erythropoiesis, relation, 


941 


| 
study, Wood, 905 | 
Cardiac, chromatography, Heftmann | 
| 
| B 
| 
| 
| 


942 


Blood cell(s)—continued: 
Schwartz and Wikoff, 
Sce also Reticulocyte 
Blood plasma: Protein, Abdou, Rein- 
hardt, and Tarver, 


combination, Teresi and Luck, 
823 
—, organic anions, combination, Teresi 
and Luck, 823 
Bone: See also Rib 
Bone marrow: 6-Phosphogluconic acid 
metabolism, Seegmiller and Horecker, 
261 
Rib, inorganic composition, Follis, 
223 
Brucella suis: Enzyme preparations, 
glycolysis, anaerobic, Roessler, San- 


ders, Dulberg, and Brewer, 207 
Cc 
Carbohydrate(s): Metabolism, liver, — 


Hastings, Teng, Nesbett, and Sinez, — 


69 

—, —, eation effect, Hastings, Teng, 
Nesbett, and Sinez, 69 
Carbon: Mass 14, cholesterol, Chatkof, 
Bloom, Siperstein, Kiyasu, Rein- 
hardt, Dauben, and Eastham, 407 
Chaikof{, Siperstein, Dauben, Brad- 
low, Eastham, Tomkins, Meier, Chen, 
Hotta, and Srere, 413 
Carbon dioxide: Cholesterol oxidation 
to, biological, Chaikoff, Siperstein, 

» Dauben, Bradlow, Eastham, Tomkins, 
Meier, Chen, Hotta, and Srere, 413 
Fixation, carbon 13-acetate determi- 
nation, use in study, Wood, 905 
Carcinoma: Cell, ascites, amino acid up- 
take, Christensen and Riggs, 57 
Catalase: Compounds, equilibria, hy- 
drogen ion concentration effect, 
Chance, 483 
Enzyme-substrate compounds, reac- 
tion kinetics, hydrogen ion concen- 
tration effect, Chance, 471 


Cathepsin: C, spleen, Tallan, Jones, and 
Fruton, 
Cell: See also Mitochondria 


INDEX 
563 


15 
Blood serum: Albumin, fatty acid salts, | 


Cholesterol: Carbon 14, Chaikoff, Bloom, 
Siperstein, Kiyasu, Reinhardt, Day. 
ben, and Eastham, 407 
| Chaikoff[, Siperstein, Dauben, Brad. 
low, Eastham, Tomkins, Meier, Chen, 
Hotta, and Srere, 413 
Carbon dioxide oxidation from, bio. 
logical, Chaikoff, Siperstein, Dauben, 
Bradlow, Eastham, Tomkins, Meier, 
Chen, Hotta, and Srere, 413 
Cholesterol-4-C''; Lymphatic transport, 
Chaikoff, Bloom, Siperstein, Kiyasu, 
Reinhardt, Dauben, and Eastham, 
Choline: -Deficient diet, growth, effect, 
Rose, Burr, and Sallach, 321 
Liver phospholipide, renewal rate, Tol- 
bert and Okey, 755 
_ Choline oxidase: Intracellular, Williams, 
139 
Chymotrypsin: 8-, diisopropyl fluoro- 
phosphate effect, Jansen and Balls, 
721 
y-, diisopropyl! fluorophosphate effect, 
| Jansen and Balls, 721 
Citraturia: Vitamin D, relation, Bellin 
| and Steenbock, 311 
_ Citrovorum factor: Tissue, determina- 
tion, Dietrich, Monson, Gwoh, and 
Elvehjem, 
Coproporphyrin: Blood cell, red, ery- 


thropoiesis, relation, Schwartz and 
Wikoff, 563 
Cortisone: 


208,21-pentol synthesis from, Dye- 
rassi, Rosenkranz, Pataki, and Kauf- 
mann, 115 
Synthesis, partial, 17-hydroxy! group, 
introduction, Colton, Nes, Van Dorp, 
Mason, and Kendall, 235 
Cystine: -Deficient diet, growth, effect, 
Rose, Burr, and Sallach, 321 
Cytidine: Derivatives, antimetabolite 
activity, Roberts and Visser, 695 
Cytochemistry : Hogeboom and Schneider, 
513 

Cytosine: Yeast, diazobarbiturie anhy- 


dride effect, Di Carlo, Schultz and 
Kent, 769 


De 

Dia 

P 

Dia 

Dii 

Di 

Die 

Di 


SUBJECTS 
D Enzyme(s)—continued: 
See also Amino acid acylase, Cata- 
Desmolase : ophan. Trypt lase, etc. 
phan desmolase Erythrocyte: See Blood cell, red 


Diabetes: Liver lipogenesis, lactate and 
acetate-produced, fructose effect, 
Baker, Chaikoff, and Schusdek, 


435 
Phospholipide synthesis, Zilversmit 

and DiLuzio, 673 
Diazobarbituric anhydride: Yeast cyto- 


sine effect, Di Carlo, Schultz, and — 


Kent, 769 
Diisopropyl fluorophosphate: and y- 
chymotrypsin, effect, Jansen and 
Balls, 721 
Trypsin, effect, Jansen and Balls, 


Dimethyldiaminobenzene: Analogues, 
chemical constitution and antibac- 
terial activity, relation, Woolley and 
Pringle, 729 

Diosgenin: Allopregnane-38,118, 17a, - 
208,21-pentol synthesis from, Dje- 
rassi, Rosenkranz, Pataki, and Kauf- 
mann, 115 


Diphosphopyridine nucleotide: Deami- 


nated derivatives and, enzyme sys- — 


tems, comparison, Pullman, Colo- 


wick, and Kaplan, 593 
E 


Enzyme(s): Adenosine derivatives, de- 
amination, Kaplan, Colowick, and 
Ciotti, 

Brucella suis preparations, glycolysis, 


579 


anaerobic, Roessler, Sanders, Dul- 


herg, and Brewer, 
Glucose -6-phosphate oxidation prod- 
uct, Cori and Lipmann, 47 
Glyeolytic. See Glycolytie enzyme 
Histidine conversion to glutamic acid, 
Tabor and Hayaishi, 171 
Phenylalanine conversion to tyrosine, 
Udenfriend and Cooper, 503 


Respiratory. See Respiratory enzyme 
Wheat germ system, reduced triphos- 
phopyridine nucleotide oxidation, 
aerobic, Conn, Kraemer, Liu, and 
Vennesland, 


on7 | 


| 


Erythropoiesis: Blood cell, red, copro- 
porphyrin and protoporphyrin, rela- 
tion, Schwartz and Wikoff, 563 

Escherichia coli: 4-Aminoimidazole-5- 
carboxamide, methyl donors, effect, 
Bergmann, Volcani, and Ben-I shai, 

521 

Purine synthesis, 4-aminoimidazole-5- 

carboxamide réle, Bergmann, Ben- 

I shai, and Volcani, 531 
Esterase: Liver. See Liver esterase 


Fat(s): See also Adipose tissue 
Fatty acid(s): Salts, blood serum albu- 
min, combination, Teresi and Luck, 


823 

Synthesis in vivo, mechanism, Anker, 
177 

Flavokinase: Yeast. See Yeast flavo- 


kinase 

Fluorophosphate: Diisopropyl. See Di- 
isopropyl fluorophosphate 

Folic acid: Deficiency, glutamic acid 


nature, Silverman, Gardiner, and 
Bakerman, 815 
Tissue, ascorbic acid, relation, 


Schwartz and Williams, 711 

—, determination, Dietrich, Monson, 

Gwoh, and Elvehjem, 549 

Formaldehyde: Neurospora crassa mu- 
tant utilizing, Harrold and Fling, 


Formate: Neurospora crassa mutant uti- 
lizing, Harrold and Fling, 399 
Fructose: Liver acetate lipogenesis, dia- 
betes, effect, Baker, Chaikoff, and 
Schusdek , 435 
— lactate lipogenesis, diabetes, effect, 
Baker, Chaikoff, and Schusdek, 
435 


Gluconic acid: 6-Phospho-. See Phos- 
phogluconic acid 


F 
721 
| G 


944 


Glucose: Dissimilation by Leuconostoc 
mesenteroides products, carbon 14 
position, Gunsalus and Gibbs, 871 

Glucose-6-phosphate: Oxidation prod- 
uct, enzymatic, Cori and Lipmann, 

417 

Glucuronide(s): Synthesis, biological, 
Packham and Butler, 349 

Glutamic acid: Folic acid deficiency, 
nature, Silverman, Gardiner, and 
Bakerman, 815 

Histidine conversion to, enzymatic, 
Tabor and Hayaishi, 171 

Glutathione reductase: Tissue, Rall and 
Lehninger, 119 

Glyceride(s): Tri-. See Triglyceride 

Glycine: -Deficient diet, growth, effect, 
Rose, Burr, and Sallach, 321 

Glycyl-. See Glycylglycine 
Reticulocyte effect, Riggs, Christensen, 
and Palatine, 53 

Glycogen: Store, liver extract effect, 
Sokal, 393 

Glycogenolysis: Factor, Sokal, 393 

Glycolytic enzyme(s): Tissue, Andrews, 
Guthneck, McBride, and Schweigert, 

715 

Glycoside(s) : Cardiac, 
Heftmann and Levant, 

Glycylglycine: Metabolism, 
and Stone, 383 

Glyoxal: Metabolism in vitro, Kun, 

603 

Growth: Choline-deficient diet, Rose, 
Burr, and Sallach, 321 

Cystine-deficient diet, Rose, Burr, and 
Sallach, 321 
Glycine-deficient diet, Rose, Burr, and 
Sallach, 321 
Serine-deficient diet, Rose, Burr, and 
Sallach, 321 
Threonine, Rose, Koeppe, and Sallach, 
317 


Hemoglobin: Regeneration and vitamin 
B,:, chick, Stern, Hsu, and McGin- 


nis, 191 
Heterolactic fermentation : Gunsalus and 
Gibbs, 871 


Hexahydrobenzoic acid: Biochemistry, 
Baltes, Elliott, Doisy, and ~—— 


Hexahydrophenylalanine : 
try, Baltes, Elliott, Doisy, and Doisy, 


627 

Hexose ester(s): Phosphorylated, ion 
exchange and chromatography, Dul- 
berg, Roessler, Sanders, and Brewer, 

199 

Histidine: Glutamic acid conversion 
from, enzymatic, Tabor and He- 
yaishi, 171 
Hyaluronidase : Determination, Bachtold 
and Gebhardt, 635 

—, colorimetric, Greif, 619 


Imidazo-1,2,3-triazine(s) : Xanthine ox- 
idase substrates and _ inhibitors, 
Shaw and Woolley, 641 

Insulin: Adipose tissue metabolism, ef- 
fect, Haugaard and Marsh, 38 

Mammary gland, lactating, effect, 

Hills and Stadie, 25 

Minimum molecular weight, light scat- 
tering studies, Tietze and Neurath, 

l 

Intestine: Triglyceride absorption, Rei- 
ser, Bryson, Carr,and Kuiken, 131 

Iodine: Mass 131, u-thyroxine, Taurog, 


Briggs, and Chaikoff, 655 
Thyroid, determination, Walaszek-Pio- 
trowski and Koch, 427 
K 
Ketosteroid(s): 17-, urinary excretion, 
scurvy, Banerjee and Deb, 575 
Kinase: Flavo-. See Flavokinase 
L 


Lactate: Liver lipogenesis, diabetes, 
fructose effect, Baker, Chaikoff, 
Schusdek , 

Lactobacillus pentosus: 
fermentation, Gest and Lampen, 


Lactose: Mammary gland, formation, 
Reithel, Horowitz, Davidson, and Kit- 
tinger, 839 


Ly 
Ly 


INDEX 
| 


a 


= 


TF 


SUBJECTS 


Leuconostoc mesenteroides: Glucose 
dissimilation products, carbon 14 
position, Gunsalus and Gibbs, 871 

Lipide(s): Phospho-. See Phospholipide 

Liver: Adenosinetriphosphate dephos- 
phorylation, Novikoff, Hecht, Podber, 
and Ryan, 153 

Amino acid-incorporating system, 
Peterson and Greenberg, 359 
Carbohydrate metabolism, Hastings, 
Teng, Nesbett, and Sinez, 69 
— —, cation effect, Hastings, Teng, 
Nesbett, and Sinez, 69 
Extract, glycogen stores, effect, Sokal, 
393 
Lipogenesis, lactate- and acetate-pro- 
duced, diabetes, fructose effect, 
Baker, Chaikoff, and Schusdek, 


435 
Phosphatase, Novikoff, Hecht, aay 


Phosphatases, Swanson, 685 
6-Phosphogluconic acid metabolism, 
Seegmiller and Horecker, 261 
Phospholipide, choline and phosphate 
renewal, Tolbert and Okey, 755 


Protein, isotopic threonine and valine 
incorporation, Kit and Greenberg, 
377 


Pyrophosphatase, neutral, Swanson, 


685 

Liver esterase: Electrical charge effect, 
Wilson, Levine, and Freiberger, 

613 

Lymph: Blood and, protein equilibrium, 

Abdou, Reinhardt, and Tarver, 15 

Lymphatic(s): Cholesterol-4-C™ trans- 

port, Chaikoff, Bloom, Siperstein, Ki- 

yasu, Reinhardt, Dauben, and East- 


ham, 407 
M 

gland: Lactating, insulin ef- 

fect, Hills and Stadie, 25 


Lactose formation, Reithel, Horowitz, 
Davidson, and Kittinger, 839 


945 


Mitochondria: Respiratory enzymes, 
physical state, Hogeboom and Schnei- 
der, 513 

Mold: See also Neurospora 


Neurospora: Tryptophan and niacin re- 
lationship, Partridge, Bonner, and 
Yanofsky, 269 

— desmolase, purification and proper- 
ties, Yanofsky, 279 

Neurospora crassa: Mutants, formate- 
and formaldehyde-utilizing, Harrold 
and Fling, 399 

Niacin: Neurospora, tryptophan and, re- 
lationship, Partridge, Bonner, and 
Yanofsky, 269 

Nitrogen: Virus progeny, Kozloff, 95 

Nuclease: Ribo-. See Ribonuclease 

Nucleic acid: Phosphorus, submaxillary 
glands, duct ligation effect, Rabino- 
vitch, Rothschild, and Junqueira, 


835 

Nucleodepolymerase(s): Thymus frac- 

tions, Brown, Jacobs, and Laskowski, 

445 

Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide 


Triphosphopyridine. See Triphos- 
phopyridine nucleotide 


Oxidase: Choline. See Choline oxidase 
Uracil. See Uracil oxidase 
Xanthine. See Xanthine oxidase 


Phenylalanine: Hexahydro-. See Hexa- 
hydrophenylalanine 
Tyrosine conversion from, enzymatic, 
Udenfriend and Cooper, 503 
Phosphatase(s): Alkaline, liver, protein 
effect, Rosenthal, Fahl, and Vars, 


299 

Liver, Novikoff, Hecht, Podber, and 
Ryan, 153 
Swanson, 685 


See Pyrophosphatase 


Pyro-. 


946 


Phosphate: Adenosinetri-. 
sinetriphosphate 
Liver phospholipide, renewal rate, 
Tolbert and Okey, 
Phosphogluconic acid: 6-, metabolism, | 
liver and bone marrow, Seegmiller 
and Horecker, 261 
Phospholipide(s): Liver, choline and 
phosphate renewal, Tolbert and Okey, 
755 
Synthesis, diabetes, Zilversmit and 
DiLuzio, 


vitch, Rothschild, and Junqueira, 


Virus progeny, Kozloff, 95 
Placenta: Carbon 21 steroids, isolation, 
Pearlman and Cerceo, 807 
Polymerase: Nucleode-. See Nucleode- 


polymerase 

Porphyrin: Copro-. See Coproporphy- 
rin 
Proto-. See Protoporphyrin 


Pregnene: A'*-, halogen and other deriv- 
atives, Colton and Kendall, 247 

Protein(s): Blood and lymph, equilib- | 
rium, Abdou, Reinhardt, and Tarver, 


15 
— plasma, Abdou, Reinhardt, and Tar- — 


ver, 15 


Liver, isotopic threonine and valine © 


incorporation, Kit and Greenberg, 
377 
— phosphatase, alkaline, effect, Rosen- 


thal, Fahl, and Vars, 299 
Proteolysis: Enzymes, tissue, TJallan, 
Jones, and Fruton, 793 


See Adeno- | Pyrimidine(s) : 


755 


673 
Phosphorus: Nucleic acid, submaxillary © 
glands, duct ligation effect, Rabino- 


Respiratory 


INDEX 


Metabolism, soil bae. 
terium, Wang and Lampen, 775 
Pyrophosphatase: Neutral, liver, Swan. 
son, 685 
Pyruvate: Oxidation factor, Gunsalus, 


Struglia, and O’ Kane, 850 
— -—, determination, manometric, 
Gunsalus, Dolin, and Struglia, 84% 


Pyruvic acid: Metabolism, Gunsalus, 
Dolin, and Struglia, 849 
| Gunsalus, Struglia, and O’ Kane, 
R 


Reductase: Glutathione. See Gluta- 
| thione reductase 
enzyme: Mitochondria, 
physical state, Hogeboom and Schnei- 
der, 513 
Tissue, Andrews, Guthneck, McBride, 
and Schweigert, 715 
Reticulocyte(s): Glycine, effect, Riggs, 
Christensen, and Palatine, 583 


_ Rib: Inorganic composition, Follis, 


_ Riboflavin: Analogues, yeast flavokin- 


ase, interaction, Kearney, 747 

_ Ribonuclease: Snake venom, Taborda, 
Taborda, Williams, and Elvehjem, 

227 


Scurvy: Urine 17-ketosteroids, exere- 
tion, Banerjee and Deb, 575 


Selenium: Bile excretion, sodium sele- 


Proteolytic enzyme(s): Tissue, Jallan, 


Jones, and Fruton, 793 
Protoporphyrin : Blood cell, red, erythro- 
poiesis, relation, Schwartz and Wik- 
off, 


aminoimidazole-5-carboxamide rdle, 
Bergmann, Ben-I shai, and Volcani, 
531 
Pyridoxine: Sulfur transfer, relation, 
Binkley, Christensen, and Jensen, 


563 
Purine : Synthesis by Escherichia coli, 4- 


nate containing radioselenium, ad- 

ministration, McConnell and Martin, 

183 

Serine: -Deficient diet, growth, effect, 

Rose, Burr, and Sallach, 321 

Snake: Venom, ribonuclease, Taborda, 
Taborda, Williams, and Elvehjem, 

227 

Sodium selenate: Radioselenium-con- 

taining, selenium excretion, bile, ad- 

ministration effect, McConnell and 

Martin, 183 

Soil bacterium: Pyrimidine metabolism, 

Wang and Lampen, 775 

Spleen: Cathepsin C, Tallan, Jones, and 

Fruton, 763 


T 


Stay 
Ste 
B 
1 
Sut 
Su 
Th 
Th 
223 
Th 
Th 
T 
109 | 


~ 
= 


8 


SUBJECTS 


947 


Staphylococcus aureus: Uridine-5’-pyro- | Tryptophan desmolase: Neurospora, 


phosphate isolation, Park, 877 
Steroid(s): Djerassi, Rosenkranz, Pataki, — 
115 Tyrosine: Phenylalanine conversion to, 


and Kaufmann, 
Bile acids, Colton, Nes, Van Dorp, 


Mason, and Kendall, 235 

Colton and Kendall, 247 
Carbon 21, placenta, isolation, Pearl- 

man and Cerceo, 807 
17-Keto-. See Ketosteroid 


Submaxillary gland(s): Nucleic acid 
phosphorus, duct ligation effect, 
Rabinovitch, Rothschild, and Jun- 
queira, 835 

Sulfur: Transfer, pyridoxine relation, 
Binkley, Christensen, and Jensen, 


109 

T 
Theophylline : Metabolism, Brodie, Azel- 
rod, and Reichenthal, 215 
Threonine: Growth, requirement, Rose, 
Koeppe, and Sallach, 317 
Isotopic, liver protein, incorporation, 
Kit and Greenberg, 377 
Thymus: Nucleodepolymerases, Brown, 
Jacobs, and Laskowski, 445 
Thyroid: Iodine determination, Wala- 
szek-Piotrowski and Koch, 427 
Thyroxine: .-, iodine 131, Taurog, 
Briggs, and Chaikoff, 655 


—, — 131-labeled, bile excretion prod- 
uct, Taurog, Briggs, and Chaikoff, 
655 


Transaminase(s): Organs, Awapara and | 


Seale, 497 


Triglyceride(s): Absorption, intestine, | 


Reiser, Bryson, Carr, and Kuiken, 
131 
Triphosphopyridine nucleotide: Re- 
duced, oxidation, aerobic, 
Kraemer, Liu, and Vennesland, 


Trypsin: Chymo-. See Chymotrypsin 
Diisopropyl fluorophosphate effect, 
Jansen and Balls, 721 
Tryptophan: Neurospora, niacin and, re- 
lationship, Partridge, Bonner, and 
Yanofsky, 269 


Conn, | 


143 


purification and properties, Yanof- 
sky, 279 


enzymatic, Udenfriend and Cooper, 
503 


U 


Uracil: Oxidation, barbituric acid isola- 
tion, Wang and Lampen, 785 
Uracil oxidase: Wang and Lampen, 


Uridine: Derivatives, antimetabolite 
activity, Roberts and Visser, 695 
Uridine-5’-pyrophosphate : Deriva- 
tives, Park, 877, 885, 897 

—, amino acid-containing, Park, 


—, chemical constitution, Park, 
885 
—, isolation, Staphylococcus aureus, 
Park, 877 
Urine: Adrenocortical compounds, i.ola- 
tion, Schneider, 337 
Scurvy, 17-ketosteroids, excretion, 
Banerjee and Deb, 575 


Vv 


Valine: Isotopic, liver protein, incorpo- 
ration, Kit and Greenberg, 377 

Venom: Snake, ribonuclease, Taborda, 
Taborda, Williams, and Elvehjem, 


227 
Virus: Progeny, nitrogen and phospho- 
rus, Kozloff, 95 


Reproduction, biochemistry, Kozloff, 


Vitamin(s): By, hemoglobin regenera- 


tion, chick, Stern, Hsu, and McGin- 
nis, 191 
—, new form, Lewis, Tappan, and Elve- 
hjem, 539 
D, citraturia, relation, Bellin and 
Steenbock , 311 


Ww 


Wheat: Germ enzyme system, reduced 
triphosphopyridine nucleotide oxi- 


897 
| 
ia, 
| 


948 


Wheat—continued: 
dation, Conn, Kraemer, Liu, and 


Vennesland, 143 
x 
Xanthine: 1,3-Dimethyl-. See Theo- 
phylline 
Xanthine oxidase: Imidazo-1,2,3-tri- 


azines as substrates and inhibitors, 
Shaw and Woolley, 


641 


INDEX 


Xylose: p-, carbon 14-labeled, fermenta- 
tion, Lactobacillus pentosus, Gest and 
Lampen, 555 

Yeast: Cytosine, diazobarbituric anhy. 
dride effect, Di Carlo, Schultz, and 
Kent, 769 


Yeast flavokinase : Riboflavin analogues, 
interaction, Kearney, 747 


3233 £3285 


‘UM 


